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Abstract 
Ancient sandstones include important reservoirs for hydrocarbons (oil and gas), but, 
in many cases, their ability to serve as reservoirs is heavily constrained by the 
effects of carbonate cements on porosity and permeability. This study investigated 
the controls on distribution and abundance of carbonate cements within the Jurassic 
Plover Formation, Browse Basin, North West Shelf, Australia.  Samples were 
analysed petrographically with point counting of 59 thin sections and mineralogically 
with x-ray diffraction from two wells within the Torosa Gas Field. Selected samples 
were also analysed for stable isotopes of O and C. Sandstones are classified into 
eleven groups.  Most abundant are quartzarenites and then calcareous 
quartzarenites.  Lithology ranged between sandstones consisting of mostly quartz 
with scant or no carbonate in the form of cement or allochems, to sandstones with 
as much as 40% carbonate.  The major sources of carbonate cement in Torosa 1 
and Torosa 4 sandstones were found to be early, shallow marine diagenetic 
processes (including cementation), followed by calcite cementation and 
recrystallisation of cements and allochems during redistribution by meteoric waters.  
Blocky and sparry calcite cements, indicative of meteoric environments on the basis 
of stable isotope values and palaeotemperature assessment, overprinted the initial 
shallow marine cement phase in all cases and meteoric cements are dominant.  
Torosa 4 was influenced more by marine settings than Torosa 1, and thus has the 
greater potential for calcite cement.  The relatively low compaction of calcite-
cemented sandstones and the stable isotope data suggest deep burial cementation 
was not a major factor.  Insufficient volcanic rock fragments or authigenic clay 
content infers alteration of feldspars was not a major source of calcite.  Very little 
feldspar is present, altered or otherwise. Hence, increased alkalinity from feldspar 
dissolution is not a contributing factor in cement formation. Increased alkalinity from 
bacterial sulphate reduction in organic–rich fine sediments may have driven limited 
cementation in some samples.  The main definable and significant source of 
diagenetic marine calcite cement originated from original marine cements and the 
nearby dissolution of biogenic sources (allochems) at relatively shallow depths.  
Later diagenetic fluids emplaced minor dolomite, but this cement did not greatly 
affect the reservoir quality in the samples studied.    
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1 Introduction 
This study focuses on the sandstone petrology, and particularly calcite cementation, 
of the Plover Formation in the Browse Basin of the North West Shelf region off the 
coast of Western Australia.  The Plover Formation comprises mainly Early to Middle 
Jurassic regressive fluvio-deltaic sequences and transgressive near shore to marine 
facies of quartz-rich sandstones and shales, with some marine carbonate and 
volcanic intervals (Longley et al., 2003).  The range of environments through the 
Plover Formation suggests a variety of diagenetic factors may have influenced the 
volume and distribution of carbonate cement in the sandstones (Jason et al., 2004).  
This thesis on carbonate cementation in Plover Formation sandstones and their 
facies distribution and diagenetic environments will endeavour to set the background 
for the identification of early diagenetic products in sandstones, how the origins of 
carbonate cements may be inferred, and the implications of these features for 
reservoir characterisation and evaluation within this unit. 
Carbonate cements can improve or degrade sandstone reservoir properties.  
Improved reservoir properties may occur when dissolution of large volumes of early 
carbonate cement that protected the reservoir from compaction results in significant 
secondary porosity.  In such cases evenly distributed vestigial carbonate cement 
prevents collapse of framework grains by overburden pressures and porosity is 
preserved (McBride et al., 2003).  Degradation of reservoir properties occurs when 
sandstones are massively cemented by laterally extensive carbonate cement 
horizons, which reduce porosity and or compartmentalise sandstone sequences by 
creating physical barriers to hydrocarbon migration (Chowdhury and Noble, 1996).   
An understanding of depositional environments and controls on carbonate 
cementation in sandstone will provide better prediction of the effects of carbonate 
cementation on reservoir quality. 
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1.1 Significance of Research 
This research will assist in providing a better understanding of facies distribution and 
diagenetic environments of carbonate cement formation in sandstones of the 
Greater Torosa Field area, but also in coastal sandstones in general (Galloway, 
1984; Loucks et al., 1984; Walderhaug and Bjørkum, 1998). The results will allow 
diagenesis to be better understood and help predict the reservoir characteristics and 
distribution of different types of carbonate within sand bodies, thus enabling more 
focused exploration and development programmes.  Developing reservoir 
characterisation models and identifying controls on carbonate cementation in 
reservoir sandstones are important for providing a better understanding of resource 
placement and reservoir potential in fields where carbonate cementation occurs (De 
Souza and Silva, 1998; Searl, 1994; Taylor et al., 2010).   
2 Précis of Carbonate Diagenesis in Sandstones 
2.1 Sandstone Diagenesis 
Sedimentation and hydrogeological conditions during deposition of sandstones 
directly affect grain size and sorting, which directly impact primary porosity and 
permeability.  These initial conditions can be modified by post-depositional events 
such as: bioturbation – mixing of grain sizes; introduction of fine-grained matrix and 
bioclastic grains; altered grain packing and orientation; and diagenesis – alteration 
of reservoir properties by cementation, compaction, and dissolution (Morad, 1998).   
Carbonates and dolocrete are the most common types of carbonate cements in 
continental and near-shore sediments that develop in warm to hot, semi-arid to arid 
climates with low rainfall and high evaporation.  However, low-Mg calcretes are 
known to develop in wet, cold areas and dry Arctic soils.  The stable isotope 
composition of these carbonates is useful in deducing palaeoenvironment and 
palaeoecology during deposition.  Possible sources of Ca and Mg for calcrete and 
dolocrete are wind-blown dust, pyroclastic material, oceanic aerosols, groundwater, 
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meteoric water, Ca-plagioclase, and carbonate bioclasts (e.g. land snails) (Morad, 
1998).  Much has been written and studied on the subject of sandstone diagenesis.  
Sandstone reservoir quality prediction using quantitative reservoir properties and 
modelling has been investigated by such authors as Ajdukiewicz and Lander (2010), 
Aminul Islam (2009), and Taylor et al. (2010).  The sequential effects on sandstone 
diagenesis by changes in the depositional environmental such as transgression and 
regression, mixed carbonate-sandstone sequences, and change over depth were 
studied by El-ghali et al. (2009), Gier (2008), James (1992), Kim et al. (2007), 
Worden and Burley (2003).  Gier (2008) , along with Schwarzkopf (1990) also 
studied the relationship between sandstone diagenesis and controls on hydrocarbon 
reservoir quality.  Bai and Keene (1996) wrote on the effects of composition on 
sandstone diagenesis. 
2.2 Carbonate Cements and Reservoir Quality 
The primary goals of understanding sandstone cementation for industry is to predict 
porosity and permeability in hydrocarbon fields and to understand the mass transit 
of pore fluids and formation of cements from them (Haszeldine et al., 2000).  There 
is (as yet) no framework for predicting reservoir scale diagenetic cement distribution 
in sandstones.  Nor is it thought possible to model or predict the distribution of 
porosity and permeability of a primary sedimentary unit.  Depositional porosity of a 
rock is seldom retained, and is generally degraded by a number of diagenetic 
processes not restricted to the boundaries of the sedimentary strata (Worden and 
Matray, 1998).   
Degradation of reservoir properties occurs when sandstones are massively 
cemented by laterally extensive carbonate-cemented horizons in marine and 
continental sequences.  Diagenetic processes may compartmentalise sandstone 
sequences by creating physical barriers to hydrocarbon migration from source rocks 
to reservoirs and during production or create new subdivisions of separate 
sedimentary units with distinct differences in permeability and porosity (Morad, 
1998).   
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Hydrocarbon recovery may be restricted by heterogeneous distribution of laterally 
extensive calcite cementation in marine sandstones and the nature of tightly 
cemented layers or concretions within less cemented sandstone layers.  Potential 
reservoir units may be compartmentalised and have fluid flow inhibited by low 
permeability calcite-cemented layers; smaller calcite lenses and concretions may 
inhibit recovery by acting as baffles (Molenaar, 1998).   
Reservoir evaluation is greatly enhanced by determining the distribution and timing 
of calcite-cemented zones in a reservoir.  Diagenetic processes may be slowed 
down by relatively early hydrocarbon emplacement (De Souza and Silva, 1998; 
Haszeldine et al., 2000).  Early diagenetic carbonate cementation can preserve a 
significant amount of the porosity from permanent destruction during burial 
compaction by conserving it as pore-filling cement until it is recovered by carbonate 
dissolution at greater depth (Hesse and Abid, 1998; Worden and Matray, 1998).  
The secondary porosity formed by this process tends to resist destruction longer 
than primary porosity.  The change from primary to secondary porosity via 
intermediary carbonate cements tends to stabilise the pores.  Therefore, early 
carbonate cementation is an economically important diagenetic process in potential 
reservoir sandstones (Hesse and Abid, 1998; Morad, 1998).  Suggested further 
reading on carbonate cementation processes the reader is directed to such authors 
as: Ali (1995); Dutton (2008); Mack (2000); Maliva (2001); McBride (2006); Prosser 
(1993); Taylor et al. (2000); Wanas (2008); and Zhong et al. (2003). 
3 Hypotheses on the controls of carbonate cementation in 
the Plover Formation 
This research tested six specific hypotheses regarding the controls on carbonate 
cement volume and distribution in the Plover Formation. 
Hypothesis 1: Cements in the Torosa well sandstones are predominantly early 
diagenetic marine cements related to depositional environment and bathymetry.  
Hence, their emplacement was synsedimentary and controlled by local 
 5 John Jackson 
palaeogeography and sea level.  This hypothesis will be tested by comparing 
cement distribution to interpretations of depositional environment and directly by 
petrography (e.g., isopachous, fibrous cement morphologies, low compaction 
consistent with early cementation, occurrence with marine fossils, and marine stable 
isotopes). 
If hypothesis 1 is supported, it will be extended so as to establish if cement volume 
was controlled by depositional energy levels and bathymetry, again using 
stratigraphic position and petrography (e.g., grain size and allochem content).  Then 
it can be determined to what extent variation in cementation reflects evolution of 
siliciclastic settings into marine carbonate environments. 
Hypothesis 2: Groundwater from landward karst migrated seaward and precipitated 
cements into shallow sands.  This hypothesis can be tested by comparing cement 
distributions to evidence of parasequence scale cycles, looking for evidence of 
geographically adjacent (overlying) karst environments, and by petrographic and 
isotopic analysis of the cements themselves.  Such meteoric cements are generally 
composed of blocky calcite spar, rather than isopachous rim cements (James and 
Choquette, 1984) and grains should not have been significantly compacted prior to 
cementation. 
Hypothesis 3: – Carbonate cementation occurred during burial diagenesis and 
reflects sediment provenance and localised dissolution and transport of carbonate 
within siliciclastic sands, or leaching from overlying carbonate-rich strata, and 
secondary cement from allochem dissolution.  The extent of cementation is related 
to: (1) initial amount of carbonate allochems in the sediment; or (2) initial amount of 
feldspar in the sediment.  This process is generally driven by dissolution and 
redistribution of carbonate minerals, but feldspar dissolution can also cause 
increased alkalinity.  This hypothesis will be tested by documenting the volume, 
location, and position of allochems and feldspars and by determining if allochems or 
feldspars are etched, if grain packing suggests the occurrence of dissolved grains, 
and the degree to which grains were compacted prior to cementation.  
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Hypothesis 4: Localised cementation is influenced by proximal, anoxic, organic 
matter-rich, fine-grained sediments wherein sulphate reduction by bacteria 
increased local alkalinity.  This can be tested by examining the relationship between 
cements, shales and pyrite. A related hypothesis is that the intermixing of organic 
matter-rich fine sediments with sands by bioturbation may have decreased early 
permeability and or disrupted carbonate nucleation, thereby reducing cement 
volumes.  
Hypothesis 5:  Cementation is related to mesodiagenetic deep basin fluid 
migration.  This can be tested by determining the role of ankerite and dolomite in 
cementation using XRD and petrographic techniques in rocks that should show 
more compaction prior to cementation.  Very light O and C isotopes may also 
suggest burial cements. 
Hypothesis 6:  Alkaline diagenetic fluids have formed from water-rock interaction 
with subsurface mafic volcanic rocks causing carbonate cementation during 
mesodiagenesis.  This may be tested by studying the relationship between volcanic 
rocks, volcaniclastic sediments and carbonate cements in samples using 
petrography and stratigraphic position. 
 
4 Location 
4.1 Browse Basin 
The Browse Basin is a NE – SW trending Mesozoic depocentre in the North West 
Shelf petroleum province of Australia and covers an area of about 100 000 km2 in 
water depths of more than 500 metres (Bint, 1988).  It is one of several major 
depocentres of the north west Australian continental shelf, bound by the Canning 
Basin to the south, the Scott Plateau to the west, the Seringapatam Sub-basin to the 
north, the Ashmore Platform to the north east, and the Yampi Shelf to the south and 
south east (Figure 1) (O'Brien et al., 2005).  The Browse Basin is well studied.  
 7 John Jackson 
Further and more in-depth descriptions can be read from authors such as Bint 
(1988), Hughs (2007), Jason et al. (2004), and Longley (2003). 
 
4.2 Torosa Field (Scott Reef Field) 
The Torosa Field, formerly known as the Scott Reef Field, is one of two fields 
discovered in the Browse Basin in the early 1970s, the other being the Brecknock 
field about 50 km to the south (Bint, 1988). The Torosa gas field is in the central 
region of the Browse Basin and is fault-bounded to the north west and bound by dip-
closures in all other directions (Figure 1) (Longley et al., 2003; O'Brien et al., 2005).  
The study area is located in the vicinity of Scott Reef in the Indian Ocean about 425 
km N06°W from Broome, WA.  The core samples used in this study are from 
exploration wells in the Torosa Field (Torosa 1 and Torosa 4), Browse Basin, NW 
Shelf, Australia, operated by Woodside Petroleum (see Figure 2).   
 
Figure 1: Location of the Browse Basin and general structural features  
surrounding the Torosa Field (Longley et al., 2003; O'Brien et al., 2005). 
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The location of Torosa 1 is about 13⁰ 51’ 54” S, 122⁰ 04’ 13 E in water depth of 
about 476 m.  Torosa 4 is some 9.7 km closer to Scott Reef to the south-west 
(~219⁰) at about 13⁰ 56’ S, 122⁰ 04’ E in about 281 metres of water.  These bores 
penetrated the Lower to Middle Jurassic Plover Formation in the Troughton Group, 
Browse Basin, North-west Shelf, W.A. (Longley et al., 2003). 
 
5 Geology and Stratigraphy 
5.1 Geology 
The breakup of Gondwana and subsequent formation of the Argo Abyssal Plain 
(155-158 mya) was accompanied by volcanism and reactivation of existing faults.  
Late Jurassic sediments of the central Browse Basin are relatively thin due to a 
tectonically quiet phase in the Browse Basin following break-up (Jason et al., 2004).  
By the end of the Cretaceous, sediment input was decreasing and the basin entered 
a phase of carbonate-dominated deposition, which has continued to the present day 
(Hughs, 2007). 
 
Figure 2 : Location of study area: Torosa Field (Scott Reef), Browse Basin, North 
West Shelf, Australia (Longley et al., 2003).  Cross section NW-SE is shown in 
Figure 3. 
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5.2 Stratigraphy 
Deposition of the Early to Middle Jurassic Plover Formation filled topography 
created at the end of the Triassic during a time of minor fault movement.  The Plover 
Formation was deposited as a thick deltaic wedge in the Caswell Basin, thinning 
onto the Triassic Scott Reef High (Figure 3)  (Jason et al., 2004).  Deposition of the 
fluvio-deltaic Plover Formation sediments was terminated by the onset of a major 
transgression, which is marked by the Callovian Unconformity.  The Plover 
Formation can be divided into an upper and lower unit.  The lower unit comprises 
mainly regressive fluvio-deltaic sequences and the upper unit is composed of 
transgressive near shore to marine facies. 
Total thickness of the overall Plover Formation ranges from 200 m in the margins of 
the Petrel Sub-basin to possibly more than 1200 m in the northern Sahul Syncline 
(Figure 3) (Jason et al., 2004).  There is a pronounced time break at the top of the 
Plover Formation marked by an angular unconformity, especially towards structural 
highs.  The Upper Plover section thins substantially over the Sahul Platform, with 
possibly 400 m removed by erosion (Killick and Robinson, 1994).   
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Figure 4: Stratigraphic position of Scott Reef Field in Browse Basin, WA (Longley et al., 2003) 
 
Figure 3:  Cross section of stratigraphy below Scott Reef from Yampi Shelf to Scott Plateau, 
Browse Basin, WA (Jason et al., 2004).  Location of cross section is shown on Figure 2. 
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Simplified core logs of Torosa 1 and Torosa 4, modified from the original core log 
descriptions provided by Woodside Petroleum Ltd, are shown in Figures 5 and 6.  
The left-hand column shows the driller’s depth of the core in metres, the centre 
column shows the depth locations where the core samples were selected from 
which thin section samples were made.  A green arrow indicates a core sample 
location where a thin section was made that was point-counted and underwent XRD 
analysis; a red arrow indicates a core sample location where a thin section was 
made that was point-counted only.  The right-hand column reports generalised 
lithology as described in the original core log description.   
Slight differences in the colour and symbolism used on the logs of Torosa 1 and 
Torosa 4 were at the discretion of the log authors (most notably ‘mud’ which is 
coloured grey on the Torosa 1 log, and brown with slash marks on the Torosa 4 log).  
In addition, ‘volcanics’ are shown as green with ‘v’ symbols on the Torosa 1 log and 
pink with red ‘v’ symbols on the Torosa 4 log.   
Lithological boundaries identified by the core log authors were transcribed from the 
original log and drawn on the stratigraphic column as blue lines.  The abbreviation 
for the type of boundary is noted above the line.  A Glossifungites Ichnofacies 
surface differs from the other surfaces mentioned in that instead of being groupings 
of depositional systems of strata defined by unconformities or a flooding surface, it is 
characterised by a particular association of trace fossils (ichnofacies) (Boggs, 1995).  
Glossifungites trace fossils are typically restricted to firm, uncemented substrates 
consisting of dewatered cohesive muds of the littoral, intertidal, or near-shore shelf 
zone of sandy coasts in conditions of high energy waves, currents, desiccation, and 
large temperature and salinity fluctuations (Frey, 1990).  
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Figure 5: Abridged Torosa 1 Core Log showing Thin Section Sample Locations and generalised 
lithology (Cubitt, 2007a, b, c).  
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Figure 6: Abridged Torosa 4 Core Log showing Thin Section Sample Locations and generalised 
lithology  (Prater, 2008a, b) 
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6 Carbonate Cements 
Low magnesium calcite is the dominant carbonate cement in ancient sandstones 
and can fill 100% of the original porosity, and in some cases the cement will also fill 
secondary porosity if there has been some etching of detrital grains (Blatt et al., 
1980). The main sources of carbonate cement ions in sandstones are seawater, 
biogenic carbonates, and carbonate intraclasts (Morad, 1998). 
6.1 Marine Cements  
The majority of marine calcite cements in limestones appear fibrous or elongate.  
Fibrous calcite is a common ancient reef cement, also found in hardgrounds and 
within cavities in tidal flat facies (Tucker and Wright, 1992b).  The two general forms 
of fibrous calcite are the columnar form that has a 6:1 ratio in length to width, and 
the acicular form which is needle-like and less than 10 μm across.  During 
diagenesis fibrous calcites may accumulate Fe and Mn, but will have had very little 
of these elements originally (Tucker and Wright, 1992b).   
6.2 Early Marine Cements 
Many ancient and most modern marine carbonate cements started out as a mixture 
of aragonite and high-Mg calcite, both of which are metastable and typically convert 
to calcite during subsequent meteoric diagenesis (Figure 7).  Aragonite is less stable 
and less common than calcite at atmospheric conditions, but is the dominant mineral 
precipitated in marine settings because the ratio of Mg to Ca favours aragonite 
precipitation (Hurlbut and Klein, 1993).  Mollusc shells secreted as aragonite 
generally neomorphose to calcite during meteoric diagenesis.  Low-Mg calcite is 
commonly precipitated from meteoric waters near the surface and from deeper 
basinal fluids.  Unless dolomitised, most ancient limestones are entirely composed 
of low-Mg calcite (Tucker and Wright, 1992b).   
Early carbonate precipitation may take place in the marine vadose zone within 
intertidal and low supratidal sediments mainly due to evaporation, CO2 degassing, 
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and algal photosynthesis (Morad, 1998).  Shallow marine siliciclastic sediments are 
dominated by early diagenetic calcite cement accompanied by sulphate reduction 
and methane oxidation (Morad, 1998).   
In shallow marine conditions CaCO3 for cement can be sourced internally by 
dissolution of bioclastic aragonite and high-Mg calcite owing to CO2 production 
during bacterial decomposition of organic matter, and externally from seawater 
supersaturated with respect to aragonite and calcite, which can precipitate aragonite 
and high-Mg calcite cement in siliciclastic sands (Molenaar, 1998).   
 
The cemented zones of sandstone may be calcite-cemented layers, strata-bound 
concretions, or less frequently scattered concretions of millimetre to centimetre 
sized specks or patches.  Calcite-cemented zones may have a significant effect on 
 
Figure 7: Common Marine Cements (Tucker and Wright, 1992b), p.319. 
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the performance of hydrocarbon reservoirs.  Predicting the geometry and lateral 
extent of calcite-cemented zones is of great value (Walderhaug and Bjørkum, 1998). 
Carbonate concretions have been described in a number of shallow marine and 
shelf environments (Ellis, 1994; McBride and Milliken, 2006; McBride and Parea, 
2001; McBride et al., 2003; Middleton and Nelson, 1996) and continental 
environments (Abdel-Wahab and McBride, 2001).  It has been postulated by most 
workers that the long axes of concretions precipitated from groundwater flow will be 
sub-parallel to fluid flow.  Implications interpreted from the orientation of the 
concretions may include: proxies for fluid palaeoflow through heterogeneous 
permeable strata; to supplement fluid flow and transport models and tracer 
experiments (Cavazza et al., 2009). 
Sea level fluctuation strongly affects the degree of mixing between continental and 
marine waters.  This in turn affects the mineralogy, texture, and pattern of carbonate 
cementation in coastal sandstones.  The precipitation of eogenetic calcite and 
dolomite occurs as alternating bands in near-shore sandstones due to mixed 
marine-continental waters (Morad, 1998).  Dolomitisation of the hard body parts of 
organisms made of aragonite and pre-existing calcite cements is a common 
occurrence in subsurface clastic sedimentary rocks.  Calcite replacement by 
dolomite reduces cement volume by ~12% thereby increasing porosity provided it 
occurs within a closed system (Farris Lapidus, 1990). 
Mixed meteoric-marine waters exhibit increased alkalinity due to the oxidation of 
organic matter and methane.  It has been estimated that calcite oversaturation 
would occur in waters with seawater content of 20% – 70%, but the degree of 
saturation varies depending on the initial calcite saturation index (PCO2).  High 
Mg/Ca ratios in mixed waters may promote the precipitation of aragonite rather than 
calcite (Morad, 1998).  
Marine diagenesis occurs on and just below the seafloor and on tidal flats and 
beaches at an early stage, most commonly in the form of aragonite cementation.  
Calcite precipitation is also possible due to subtle changes in seawater composition 
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through time.  Diagenetic processes operating in an open marine environment 
depend greatly on water depth and latitude, whereas climate is the main determining 
factor in shallow marine environments.  Two major controls on the mineralogy of 
carbonate precipitates are: the Pco2 (calcite saturation index); and the Mg-Ca ratio.  
Low Pco2 levels promote aragonite and high Mg calcite precipitation, and as Pco2 
increases a lower Mg calcite precipitates (Tucker and Wright, 1992a).  A high Mg:Ca 
ratio in shallow seawater is generally inclined towards aragonite cement 
precipitation because a plentiful supply of Mg2+ hinders calcite precipitation.  At 
lower temperatures high-Mg calcite may also form (Morse, 1997). The Mg:Ca ratio 
changed during the Jurassic such that it is not clear if aragonite or calcite would 
have been the favoured marine cement during Plover time (e.g., Lowenstein et al., 
2001).   Understanding the origin, timing, and importance of secondary porosity 
formed by grain and cement dissolution are key to predicting porosity distribution 
and the overall diagenetic evolution of siliciclastic sequences (Morad, 1998). 
In a shallow marine environment, calcite cementation may take place in the sulphate 
reducing zone prior to any fresh water flushing (Bjørkum and Walderhaug, 1990).  
Such early carbonate diagenesis may be characterised by pyrite formation and 
abundant calcite and dolomite cements (Longstaffe et al., 2003). However, when 
early marine cementation occurs on the sea floor forming a hard-ground, carbonate 
can be supplied by seawater and is recognised by texture and isotopic criteria 
(Bjørkum and Walderhaug, 1990).  
6.3 Meteoric Cements 
The meteoric diagenetic zone is where rainfall-derived (meteoric water) groundwater 
comes into contact with sediment and rock.  The major zones of meteoric 
diagenesis  are shown in Figure 8 (Tucker and Wright, 1992a).  The water table 
separates the vadose and phreatic zones.  Water movement through the pore 
spaces of homogeneous unconsolidated sediment is called diffuse flow.  As 
lithification of sediment progresses, joints and fractures develop and create conduit 
flow of groundwater movement, which may progress further to develop into a karst 
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environment (Tucker and Wright, 1992a).  Sub-aerial exposure and fresh water 
flushing may increase the number of pore volume exchanges thereby providing 
additional calcite cement  (Bjørkum and Walderhaug, 1990).  Meteoric diagenesis 
can affect sediment soon after deposition, such as sand deposited on a supratidal 
flat, or carbonates that are exposed by shoreline progradation or local sea level falls.  
Sandstones may also be uplifted and exposed millions of years after deposition 
resulting in cement dissolution and erosion (Tucker and Wright, 1992b).  Calcite will 
precipitate preferentially relative to aragonite during meteoric diagenesis because 
calcite is less soluble than aragonite and reaches super-saturation in diagenetic 
fluids before aragonite (Morse et al., 1997).  
 
6.4 Burial Marine Cements  
The burial environment is the least well understood in regards to cements. Burial 
processes such as compaction, cementation, and pressure dissolution occur below 
the depth of influence of near-surface marine and meteoric processes (Tucker and 
Wright, 1992a). Determining the source of calcite cement under burial conditions is 
challenging.  In addition to dissolution of detrital carbonate, further Ca sources may 
 
Figure 8: Phreatic and vadose zones of groundwater flow and dissolution.  Not to scale 
(Tucker and Wright, 1992) 
 19 John Jackson 
include: alteration of Ca-rich feldspar caused by meteoric water influx during uplift, 
liberation of Ca during albitisation of plagioclase and diffusional transport in 
feldspathic sandstones, and the progressive conversion of smectite into illite in 
shales during shale compaction.  Illitisation of smectite in shales starts at burial 
depths between two to four kilometres (Molenaar, 1998).  Cements formed in the 
burial environment are generally some form of clear, coarse calcite spar.  The four 
main types are: drusy, equant calcite; poikilotopic calcite; equant-equicrystalline 
spar mosaics; and syntaxial calcite spar (Figure 9).   
 
The origin of calcite spar is commonly problematic because it is also common in 
near-surface meteoric environments in the same mosaic and poikilotopic forms. 
Several textural criteria can be used to differentiate burial spar from other calcite 
spar, including the timing of spar formation relative to compactional features.  If it is 
evident that spar precipitated after mechanical or physical compaction then a burial 
origin is confirmed.  Where this is not evident, then a burial origin would need to be 
confirmed using geochemical testing (stable isotope ratios).  Additionally, burial spar 
 
Figure 9:  Common types of calcite spar occurring in burial cementation (Tucker and Wright, 
1992). 
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is generally depleted in Mg, Sr, and Na, but has elevated levels of Fe and Mn 
compared to marine cements (Tucker and Wright, 1992b). 
Below a burial depth of ~1600 metres calcite precipitation decreases and dolomite 
becomes the dominant carbonate cement.  Dolomite is generally the first secondary 
mineral to fill pore spaces (Longstaffe et al., 2003). 
6.5 Source and Transportation 
Calcite cement in sandstones may be sourced either internally or externally, or a 
combination of the two.  Internal sources such as allochems and carbonate rock 
fragments may be redistributed as cement over a short distances of millimetres to 
metres once dissolved (Walderhaug and Bjørkum, 1998).  External sources of 
calcite cement require fluid flow in the order of hundreds of metres to kilometres.  
Bjørkum and Walderhaug (1990) postulated that significant quantities of calcite 
cement formed from dissolved calcium carbonate cannot be derived from sources 
external to a sandstone due to a lack of transport mechanisms, and that the only 
reliable and significant source of calcite cement is from biogenic carbonate 
(allochems), the major contributing source of calcium cement in shallow marine 
sandstones.  The fluid flux required to transport significant volumes of dissolved 
calcite is far greater than that which is typical of a compacting sedimentary basin 
(Walderhaug and Bjørkum, 1998).  The amount of biogenic carbonate required to 
cement a typical calcite cemented interval is about one third of the rock volume.  A 
10% calcite cemented interval requires only about 3% of the grains to be allochems 
(Bjørkum and Walderhaug, 1990).  Bjørkum and Walderhaug (1990) also showed 
that compactional flow of water alone produced in a sedimentary basin cannot 
provide sufficient fluid flow to transport the amount of dissolved calcite cement 
required to cement a given volume.  In order to precipitate one pore volume of 
calcite cement it is necessary to supply 100,000 to 300,000 pore volume exchanges 
of fluid (Figure 10).  One counter to this argument, proposed by Melim et al. (1995), 
is that supersaturated seawater is a potential external source of calcium carbonate 
for early cementation.  Precipitation of calcite and aragonite from the supersaturated 
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shallow seawater can progress in siliciclastic sands through external supply.  It is 
usual for high-Mg calcite and aragonite to precipitate but low-Mg calcite cement has 
been observed in shelf sediments (Melim et al., 1995). 
 
Internal cement sources may also come from the dissolution of bioclastic aragonite 
and high-Mg calcite by CO2 production during bacterial oxidation of organic matter in 
the upper layers of the sediment (Molenaar, 1998).  The increase in pCO2 and 
decrease in pH is greater than the increase in alkalinity, which may cause carbonate 
dissolution.  When pH decreases the pore water is undersaturated relative to the 
unstable high-Mg calcite and/or aragonite.  This then causes dissolution of bioclasts 
of those mineralogical compositions (Molenaar, 1998).  The solubility of carbonate 
grains is also texture dependant.  Calcite with more than 12mol‰ MgCO3 is more 
soluble than aragonite.  Precipitation of calcite cement may then occur after the 
continued dissolution of high-Mg calcite and aragonite resulting in the pore water 
becoming more saturated with low-Mg calcite.  The depth to which oxidation extends 
is likely to limit the possible thickness of the cemented layer (Molenaar, 1998).   
 
 
Figure 10: Amount of externally sourced calcite cement supplied by fluid flow as a function 
of pore volume exchanges in a system.  Assumption: each cm3 of pore water precipitates 10-
7 mol (10 ppm) dissolved CaCO3 (Bjørkum and Walderhaug, 1990). 
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Depending on the sedimentation rate and the type and content of organic matter, 
dissolution in the oxygenated layer in modern calcareous sediments in shelf settings 
has been observed and the degree of dissolution correlates with the amount of in-
situ organic matter (Molenaar, 1998).   
Carbonate ions may also come from dissociation of CO2 derived from the 
decomposition of organic matter.  Local diffusional redistribution of biogenic 
carbonate explains the formation of continuous calcite cemented layers, strata-
bound concretion layers, and scattered concretions (Walderhaug and Bjørkum, 
1998). 
Beach rock and shallow subtidal cemented layers can be lithified by seawater 
supply within hundreds of years (Molenaar, 1998).  The amount of early marine 
cement in subtidal environments is linked to the hydrodynamic conditions, where 
higher-energy environments result in more early diagenetic cements (Marshall and 
Ashton, 1980).  Cemented layers in recent sands commonly occur below a top layer 
of loose sand.  The movement of currents and tides retards lithification because the 
sand must be stable to allow cementation (Molenaar, 1998).  A stable environment 
may be present where deposition occurs by periodic events such as storms, or 
where the surface layer is secured by aquatic plants.  Cementation occurs below the 
depth of influence at a few centimetres to decimetres below the sea bed where the 
sand is stationary (Molenaar, 1998).   
Sandstones may contain a large proportion of organically derived CO2 in the calcite 
cement.  The CO2 may also be transported into the sandstone as a gas phase or 
dissolved in hydrocarbons.  Transport of CO2 into a sandstone will not increase the 
amount of precipitated calcite unless the calcite cementation occurs on the sea floor 
where Ca2+ is available from seawater, or the Ca2+ comes from a source other than 
carbonate fossils (Bjørkum and Walderhaug, 1990). 
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6.6 Identification of Calcareous Precipitates 
The principal types of calcite-cemented facies in shallow marine sandstones are:  
continuously cemented layers – usually 10 cm to one or two metres thick that may 
extend laterally from tens of metres to tens of kilometres (Molenaar, 1998); 
layers of stratabound concretions – confined to the boundaries of one stratum, semi-
regular lateral spacing, the concretion shape within a layer is generally regular being 
either slightly flattened or spherical or a progression from one shape to the other 
(Walderhaug and Bjørkum, 1998); 
scattered concretions – not systematically distributed along a bedding plane, 
scattered spheroidal concretions may attain up to six metres or more in diameter; 
shapes vary from almost perfect spheres to elongate, which form because of a 
greater supply of biogenic carbonate either parallel or at right-angles to bedding 
(Walderhaug and Bjørkum, 1998); 
patchy calcite concretion zones – spacing between concretions are generally similar 
to the concretion sizes in the millimetre to centimetre range, cemented specks may 
coalesce to form larger calcite-cemented zones (Walderhaug and Bjørkum, 1998). 
Textural criteria of spar from a burial origin may include: broken and collapsed 
micrite envelopes within the calcite spar; fractured grains and ooids within calcite 
spar; and sutured or concave-convex contacts between grains before spar 
precipitation (Tucker and Wright, 1992a). 
6.7 Nucleation of Calcite Cement 
Calcite cement concretions tend to be polycrystalline and may have crystals up to 
several centimetres in size implying that new calcite crystals nucleate on the surface 
of older crystals.  In the case of shallow marine sandstones that have biogenic 
carbonate distributed in layers, the calcite cement tends to be very heterogeneously 
distributed as fully cemented sandstone strata may occur adjacent to cement free 
 24 John Jackson 
sandstone strata.  Alternatively, if the allochems are scattered uniformly in three 
dimensions this may result in an homogeneously calcite-cemented sandstone 
(Walderhaug and Bjørkum, 1998). 
Nucleation of calcite cement tends to be concentrated where most biogenic 
carbonate is located because the dominant sources of dissolved calcite are biogenic 
carbonate-rich layers.  Once formed, the growing crystal lowers the concentration of 
dissolved calcite in the pore water close to the nucleus.  Biogenic carbonate, being 
more soluble than calcite cement, will diffuse towards the nucleus and precipitate as 
calcite cement.  Some biogenic carbonate proximal to the nucleus may be 
preserved as it is encapsulated in the rapidly growing calcite cement, but it may take 
up to one million years for concretions of about one metre in diameter to form 
(Walderhaug and Bjørkum, 1998).  
The effects of fluid flow on nucleated calcite cements are not considered 
instrumental on their formation as it has been shown that compacting sedimentary 
basins have a typical pore water flow rate of 0.01 – 0.001 cm/yr (Bjørlykke et al., 
1988), which would restrict diffusional mass transport to less than 100 metres 
(Berner, 1980).   
Differences in the amount or type of calcite cement appear to remain unchanged in 
sandstones buried up to 5 km and at temperatures up to 150°C compared to 
sandstones buried no deeper than 1.5 km at temperatures of no more than 70°C.  
This suggests that calcite cementation is most likely concluded at moderate burial 
depths and relatively low temperatures.  Even so, calcite cementation that post-
dates initial quartz cementation has been documented (Walderhaug and Bjørkum, 
1998). 
6.8 Karst Environment 
There are basically two types of karst environments that can provide dissolved 
CaCO3 for calcite precipitation:  surface and subsurface karst.  Surface karst 
develops at the air-limestone or soil-limestone interface where small scale 
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dissolution feature known as karren may form.  Subsurface karst is characterised by 
fissures and caves (Tucker and Wright, 1992b).  Meteoric groundwater entering 
karst formations are most likely undersaturated in CaCO3.  Grains of aragonite and 
high-Mg calcite dissolve more readily than those of low-Mg calcite.  Once the low-
Mg meteoric water is supersaturated precipitation of low-Mg carbonate begins.  
Meteoric fluids moving down through a confined aquifer into a sedimentary basin will 
cement the sediment with CaCO3 originating from up dip (Tucker and Wright, 
1992b).    
6.9 Neomorphism (Recrystallisation) 
The term neomorphism was originally introduced into the carbonate 
sedimentological literature by Folk in 1965 as an alternative for the term 
recrystallisation in limestones.  Folk defined the processes of neomorphism, where 
gross composition remains constant, to include the following:  (1) inversion – 
aragonite to calcite (change from one polymorph to another); (2) recrystallisation 
(calcite to calcite), and; (3) strain recrystallisation (strained calcite to unstrained 
calcite).  Folk’s original definition of neomorphism was later applied and expanded to 
dolomites and dolostones by Gregg and Sibley (1984) but the term neomorphism 
remains commonly ignored and misunderstood  (Machel, 1997).  ‘Recrystallisation’ 
was first defined in a series of papers by Sorby in the mid to late 1800s as the 
“reorganisation of the mineral or metallic constituents”.  The Collins Dictionary of 
Geology (Farris Lapidus, 1990) describes recrystallisation as “the formation, while 
essentially in the solid state, of new crystalline mineral grains in a rock.  The new 
grains may be larger than the primary grains … and their composition may differ or 
be the same”.  Burial recrystallisation of micritic or microsparitic cements in 
sandstones may form as poikilotopic calcite, which is also common as a primary 
cement in calcretes (Morad, 1998).    
As well as dissolution, destabilised carbonate cements may recrystallise or be 
replaced by other carbonate cements (Morad, 1998).  Recrystallised dolomite and 
calcite may be recognised by coarsened crystals and patchy distribution.  
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Alternately, size variations of drusy carbonate precipitates tend to show increasing 
crystal size from pore walls to pore centre.  Siderite and ankerite are less soluble, 
and hence, less sensitive to recrystallisation than dolomite and calcite (Morad, 
1998). 
The replacement of one carbonate cement with another is also common during 
burial diagenesis.  During mesodiagenesis, eogenetic calcite may be fully or partially 
replaced by ferroan dolomite or ankerite (Morad, 1998).  Dolomite and ankerite may 
be dissolved or replaced by calcite, ± haematite, after uplift and invasion of meteoric 
waters.  Dolomite cements in the eogenetic zone may be replaced with calcite due 
to slight changes in pore water chemistry caused by changes in rainfall intensity or 
variations in lake or sea levels (Morad, 1998). 
6.10 Isotopes and Carbonate Cementation 
Stable isotope ratios of oxygen (18O, or 18O/16O) and carbon (13C, or 13C/12C) 
provide important geochemical tools for tracing low temperature water-rock 
interactions during diagenesis.  Oxygen isotope compositions of formation fluids 
give a diagnostic signature of source (e.g. marine, meteoric) and modification 
processes (e.g., mixing, evaporation).  Carbon isotope ratios of carbonate cements 
also may point to precipitate source (Longstaffe, 1983).  The internationally 
accepted standard for oxygen isotopes is Standard Mean Ocean Water (SMOW) 
(Craig, 1961), and for carbon isotopes the Bellemnitella americana from the PeeDee 
Formation (PDB) (Craig, 1957).  Positive and negative  values indicate higher and 
lower 18O/16O and 13C/12C ratios than the PDB  or SMOW standards (Silverman and 
Epstein, 1958). 
A study by Allen and Matthews (1982) on the isotopic signatures related to early 
diagenesis of carbonates in meteoric waters, provides some potentially useful 
identifiers of carbonates diagenetically altered in meteoric environments and related 
variation of 13C and 18O composition.  Patterns identified in Allen and Matthews’ 
(1982) include:  a sub-aerially exposed surface will be strongly enriched in 12C and 
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may have a small increase in 18O;  13C of carbonates becomes progressively 
heavier with depth immediately below an exposure surface;  an abrupt shift in the 
18O values may indicate an exposure surface;  a sharp increase in the 13C may 
indicate a vadose-phreatic boundary;  and samples altered simultaneously in a 
single meteoric system should show a narrow range of 18O and a wide range of 
13C compositions (Allan and Matthews, 1982). 
Burial cement may also be more depleted in 18O than marine cement because of a 
higher precipitation temperature.  The 13C ratios in burial spar are similar, or only 
slightly depleted compared to marine cement because most of the CO3
2- comes 
from the limestone by dissolution.  Organic matter-rich limestones may show a 
strongly negative 13C in burial spar (Tucker and Wright, 1992b).  Limited 
neomorphism or burial alteration will be evident by a carbon and oxygen isotopic 
ratio similar to carbonate precipitated from contemporary seawater.  Figure 11 
illustrates that marine isotopic values become more negative down from the surface 
as the marine cement decreases and the burial cement increases (Tucker and 
Wright, 1992b). 
 
 
Figure 11: Ancient marine cement types: from hardground with borings and abundant 
marine cements to grainstone with only burial spar (Tucker and Wright, 1992b) 
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7 Methodology 
Physical descriptions of rock properties were made to characterise and document 
sediments and cements.  These descriptions can be used for reservoir 
characterisation and rock typing, for interpretation of depositional environments, 
early diagenetic environments, and later diagenetic sequences.  Description 
involves quantification of sandstone composition by point counting, degree of 
compaction, identification of diagenetic minerals, grain size determination, and X-ray 
diffraction (XRD).  Selected samples were also analysed for bulk cement δ18O and 
δ13C stable isotope ratios.   
7.1 Core Sampling and Logging 
Samples were selected from 69 locations along core recovered from Torosa 1 and 
68 locations along core recovered from Torosa 4 boreholes prior to the 
commencement of this study.   
Cores were sampled in order to test the hypotheses listed in section 3. In particular, 
samples were targeted so as to compare otherwise similar sandstones: with and 
without calcite cement, with varying degrees of bioturbation, with and without pyrite, 
with differing proximity to stratigraphic surfaces and fracturing, with different 
proximity to limestone intervals, and differing logged porosity/permeability values.   
Core logs were prepared and provided by Woodside Petroleum and were used to 
make additional measurements and observations relevant to this research project 
(e.g., interpreted depositional facies).  
7.2 Thin Sections 
Sixty-three petrographic thin sections were made from the Torosa 1 core samples, 
and 36 thin sections were made from the Torosa 4 core samples.  Thin section 
blocks were cut parallel to bore orientation (≈ vertical) and a notch cut in the up-hole 
end of the sample.  Finished thin section slides could then be oriented with the 
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notched end signifying the “up-hole” end of the slide.  Samples were impregnated 
with blue dyed epoxy resin to emphasize porosity in thin sections prior to cutting.  
Thin sections were mounted on glass slides with clear resin and fitted with glass 
cover slips.  None of the thin sections were stained for the purpose of identifying 
different carbonate cement types.  All identification of rock components was done 
visually by petrographic means. 
7.3 Point Counting 
Point counting of petrographic thin sections is a quantitative to semi-quantitative 
method of determining the relative frequency of mineral composition in a sample 
(volume percent).  Point counting was carried out on 59 thin sections from Torosa 1 
and 36 thin sections from Torosa 4.  Each slide had 300 points described and 
tabulated using PETROG© v2.51 (2009) software and a computerised micro-
stepper stage from Conwy Valley Systems Ltd.  Describing 300 points per slide was 
considered sufficient as it returns a 95% confidence against uncertainty according to 
the commonly used reliability chart of van der Plas and Tobi (1965).  Describing 500 
points per slide only raises reliability by one point to 96%. 
The microscope used was a Nikon Eclipse 50iPOL polarising microscope fitted with 
a Leica DFC295 digital camera. Leica Application Suite v3.3.0 software from Leica 
Microsystems Ltd was used to capture digital images of thin sections.  
The data collected were retrieved from the Petrog database as a text file (.csv) and 
refined further using Microsoft Excel 2007.   Petrog allows for many levels of 
subordinate description to classify the point in question.  For this project, up to six 
levels of classification were used to describe each point where necessary. 
7.3.1 Grainsize Measurement 
One of the fundamental descriptive attributes of sandstones is grain size.  For 
descriptive purposes in this thesis the grain-size divisions of the Wentworth scale 
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were used and for graphical and statistical purposes the Phi (Φ) scale was used 
(Table 2). 
Each thin section selected for point counting had a minimum of 160 grains 
measured along the long axis of the grain using PETROG© software and 
computerised micro-stepper stage from Conwy Valley Systems Ltd.  Grain size was 
measured on-screen through PETROG© from a monitor connected to a Nikon 
Eclipse 50iPOL polarising microscope fitted with a Leica DFC295 digital camera.  
Grain size measurements taken from thin sections were collated and used to 
produce a graph showing the grain size distribution.  Petrog measurements 
recorded as millimetres (mm) were converted to phi (Φ) to the nearest half phi 
value.  For example: 0.25 mm ≈ fine sand ≈ 2.0 Φ; 1.08 mm ≈ very coarse sand ≈ -
0.1 Φ.  The graph below in Figure 12 shows an example of the results of the data 
graphing process.  Graphs for all other samples are shown in Appendix C.  
 The 0.5 Φ interval graph was regarded as most appropriate as it best approximated 
visual interpretations of samples, some of which were judged by eye to have either 
mono-modal or bi-modal grain size distributions.  For example Figure 12 shows a 
thin section image of a sample that appears by eye to be somewhat bi-modal with 
the allochems appearing to fall into one size grouping and the siliciclastic clasts into 
another.  The 0.5 Φ interval graph shows a reasonable representation concordant 
with the visual modal approximation. 
 31 John Jackson 
 
7.3.2 Grain Packing 
Grain packing is characterised by the unit property of packing and the aggregate 
property.  Measurement of the unit property is called the Packing Proximity (Pp) 
expressed as the percentage of grain-to-grain contacts in a traverse of n contacts.  It 
is a measure of closeness expressed as a ratio of the number of grain to grain 
contacts to the total number of contacts (Kahn, 1956).   
 
Table 1: Porosity (%) of Artificially Mixed and Wet-Packed Sand.  After Beard & Weyl (1973). 
 
  Size 
Sorting
Upper Lower Upper Lower Upper Lower Upper Lower
Extremely 
Well Sorted
43.1 42.8 41.7 41.3 41.3 43.5 42.3 43.0 42.4 0.8
Very Well 
Sorted
40.8 41.5 40.2 40.2 39.8 40.8 41.2 41.8 40.8 0.6
Well Sorted 38.0 38.4 38.1 38.8 39.1 39.7 40.2 39.8 39.0 0.8
Moderately 
Sorted
32.4 33.3 34.2 34.9 33.9 34.3 35.6 33.1 34.0 1.0
Poorly 
Sorted
27.1 29.8 31.5 31.3 30.4 31.0 30.5 34.2 30.7 1.8
Very Poorly 
Sorted
28.6 25.2 25.8 23.4 28.5 29.0 30.1 32.6 27.9 2.8
Average 
Porosity
35.0 35.2 35.3 35.0 35.5 36.4 36.7 37.4
Standard 
Deviation, %
6.0 6.3 5.5 6.2 4.9 5.3 5.0 4.2
Coarse Medium Fine Very Fine
A
ve
ra
g
e
 
P
o
ro
si
ty
S
ta
n
d
a
rd
 
D
e
vi
a
tio
n
, 
%
Bi-modal sample at 0.5 Φ intervals    
        
MGS = mean grain size, SD = standard deviation                                                    2x magnification 
 
Figure 12: Graph of grain size measurements of Torosa 4, 4273.70m displayed as 0.5 Φ intervals 
and a low magnification view of part of Torosa  4 thin section (4273.70m). 
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The maximum value for Pp is 100% when all grains are in contact with one another.  
The aggregate property of packing is known as the Packing Density (Pd) and is an 
expression for the amount of space in a traverse occupied by grains (Kahn, 1956).  
Data of the packing proximity and packing density of grains in transects measured 
from Torosa 1 and Torosa 4 sandstone thin section samples were recorded using 
methods detailed by Kahn (1956) (Figure 13).  
Packing Proximity is summarised in general terms by Kahn (1956) as: 
   
 
 
                    
where Pp is packing proximity, q is the number of grain-to-grain 
contacts, and n is the total number of contacts.  The maximum 
value of this expression is 100% when every grain in the transect 
is in contact with its preceding and following grain. 
Packing Density is represented by Kahn (1956) as: 
    
   
 
   
 
      
where gi is the grain intercept length of the ith grain in a traverse of 
n grains and total traverse length of t. 
 
 
(1) 
(2) 
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The method used for measuring transects for this study involved the use of digital 
images of thin sections captured using a Nikon Eclipse 50iPOL polarising 
microscope fitted with a Leica DFC295 digital camera.  Sample images were 
captured with objective lenses of magnifications 2x, 4x, and 10x.  The length of the 
field of view (FOV), and the length of each transect, across the short axis of each 
image was 5470 μm, 2735 μm, and 1087 μm respectively.  The number of traverses 
varied according to the magnification of the image used.  The magnification of the 
images used was dependent on the appearance of the grain sizes at that 
magnification and the clarity with which the grain edges were discernible.  Grain 
edges and non-grain entities can be discerned with greater clarity in a 10x 
magnification than in a 4x image.  Images used for determining grain packing data 
at 10x magnification had four transects across the short axis measured and 
combined for a total transect length of 4.3 mm.  Images at 4x magnification had 
three transects measured across the short axis and combined for a total transect 
length of 8.2 mm.  Images at 2x magnification had three transects measured across 
the short axis and combined for a total transect length of 16.4 mm.   
 
Figure 13: Determining packing proximity and packing density from measuring grains in a transect 
of sample. There are five grains (r) in this transect.  In this example there is one grain to grain 
contact (r1-r2).  Hence the packing proximity (Pp) is 1/5 x 100 = 20%.  Packing density (Pd) may be 
determined using equation (2) above.  So if t = 171, sum (g1:g5) = 118 then     
   
   
      
69% (Kahn, 1956).                                                                        
  
 34 John Jackson 
7.3.3  Quartz Overgrowth Cement 
Some quartz grains with quartz overgrowth cement presented a problem in 
determining the boundary between the grain and the cement when point counting 
Torosa 1 and Torosa 4 thin sections.  In the majority of cases a visible dust rim 
surrounding the quartz grain delineated the grain/cement boundary; for others the 
point counting cross-hairs happened to fall on an area where the division between 
the quartz grain and the surrounding quartz overgrowth cement was not discernible.  
An estimation of whether a point under the cross-hairs should count as grain or 
cement was made by observing any partial dust rim visible elsewhere on the grain, 
or nearby quartz grains, thus enabling an approximation of the cement thickness 
and the classification of that point.  From these observations it was possible to 
estimate if the cross-hairs were on a grain or cement with a fair degree of certainty 
and any errors should cancel. 
7.4 Sample Classification 
The original core samples selected from Torosa 1 and Torosa 4 are a mixture of 
limestones, sandstones, and mixtures of the two.  As such, these ‘mixed’ rocks 
could not readily be named as one or the other using the classification schemes of 
Folk (1974) alone.  Sample classification was primarily based on texture and 
composition by visual evaluation of photomicrographs taken of thin sections and 
point counting data of each sample, with some consideration of Mount’s (1985) 
mixed sediment classification scheme (Figure 14).  Folk’s classification for 
sandstones was used to name samples that had a total carbonate percentage of 
less than 10%.  The margin of 10% was taken from Mount’s (1985) classification 
scheme (Figure 14).  All rocks with a total carbonate percentage higher than that of 
quartz were classified as limestone and named according to Folk (1974).  
“Calcareous” was used as a qualifier where the calcite cement component of a 
sandstone was greater than that of allochems.  The term “allochemic”, as applied by 
Mount (1985) was used as a qualifier where sandstones had a higher allochem 
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percentage than calcite cement.  “Calcareous” was preferred over “micritic” because 
intergranular calcite cement crystals were rarely less than five microns in size. 
 
 
 
 
Figure 14:  Classification scheme for mixed siliciclastic/carbonate rocks (Mount, 1985). 
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7.5 X-Ray Diffraction 
Of the 99 core samples from which thin sections were made, 44 were selected for X-
Ray diffraction (XRD) analysis.  Sample selection was based on the location of the 
samples in the log with respect to their juxtaposition with attributes or lithology of 
note, and if the core at that interval had indications of relevance to specific 
hypotheses.   
Each sample selected for XRD analysis was subjected to a bulk analysis.  The clay 
content of a rock has the potential to impact greatly on its suitability as a reservoir so 
40 of the samples that underwent bulk XRD analysis were also prepared for XRD 
analysis of their clay fraction.  Sample analyses were interpreted using PANalytical 
B.V. software X’Pert HighScore Plus © Version 3.0.  
7.5.1 Bulk Sample XRD 
XRD analysis of bulk samples was conducted in the following manner.  A small 
amount of the original core sample, about three grams or one cubic centimetre, was 
broken off.  Each sample was dry pulverised to an average of 40 μm in a 
Siebtechnik laboratory disc mill using a chrome steel grinding barrel and rings.  The 
grinding barrel and rings were cleaned and washed with water then dried with 
ethanol between samples.  Three grams of each milled sample were weighed out 
and placed in a marked sample bag. 
Each weighed sample was then wet ground in ethanol to micron size using a 
McCrone micronising mill and corundum milling beads on a six minute cycle.  The 
micronised sample was decanted into a marked glass beaker.  The milling jar was 
rinsed three times with clean ethanol and resultant residue poured into the sample 
beaker.  The sample was then dried overnight in an oven at 60°C.  The dried 
sample was scraped from the beaker with a metal spatula and paper towel into a 
labelled plastic bag.  The sealed bag was rolled between the fingers for a few 
minutes to break down clumps and homogenise the sample.  Sample powder was 
then mounted into an XRD powder mount ready for analysis. 
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XRD analysis on each powder mount was performed on a PANalytical X’Pert PRO 
® X-ray diffractometer (radius 240mm).  Incident X-ray radiation was produced from 
a PW3050/60 (θ/θ) goniometer with a cobalt anode, operating at 40 mA and 40 kV.  
The incident beam passed through a fixed divergence slit of 0.435° at a start 
position of 4.008° 2θ, an end position of 89.977° 2θ, a step size of 0.017° 2θ, scan 
step time of 50.165 seconds, and sample scan time of 35 minutes.  Goniometer 
radius was 240.0 mm, and the focus-divergence slit set at 100mm with no incident 
beam monochromator.  Sample stage was a reflection-transmission spinner 
PW3064/60 set to spin. 
7.5.2 Clay Fraction XRD 
Preparation of samples for clay fraction XRD proceeded with the disaggregation by 
hand of a small piece of core (about 0.5 cm3) with an agate mortar and pestle to the 
point where the grains of rock came apart but were not crushed.  The sample was 
then placed into a 20 mL vial filled with plain tap water.  The sample was then 
subjected to a 30 second cycle of ultrasonic vibration using a Branson Sonifier B-12 
sonic probe.  To prevent flocculation of clay particles in suspension, one drop of 
ammonia was added to the sample, which was then shaken by hand to mix.   
Each prepared sample was shaken vigorously by hand for at least 20 seconds, then 
uncapped and placed on the laboratory bench to settle undisturbed for six minutes 
(using a countdown timer).  After which time the top two millimetres of suspension 
was drawn off with a single use glass pipette.  The suspension liquid was then 
squeezed from the pipette onto the polished side of a silicon sample slide and 
allowed to air dry undisturbed for 4-5 hours or until all traces of water had 
evaporated.  Samples were prepared in batches of 10 at 30 second intervals to 
allow time to pipette each sample as each six minute interval expired.   
After the samples were analysed in the natural dried state, each slide was treated by 
adding one to two drops of ethylene glycol.  The sample was left to air dry, which 
took a few minutes at most, then analysed once more in the XRD machine.   
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XRD analysis on each powder mount was performed on a PANalytical X’Pert PRO 
® X-ray diffractometer (radius 240mm).  Incident X-ray radiation was produced from 
a PW3050/60 (θ/θ) goniometer with a copper anode, operating at 40 mA and 40 kV.  
The incident beam passed through an automatic divergence slit at a start position of 
1.808° 2θ, an end position of 34.992° 2θ, a step size of 0.017° 2θ, scan step time of 
41.745 seconds, and sample scan time of 12 minutes.  Goniometer radius was 
240.0mm, and the focus-divergence slit set at 100 mm with no incident beam 
monochromator.  Sample stage was a reflection-transmission spinner PW3064/60 
set to stationary. 
7.6 Stable Isotope Analysis 
Samples were selected for stable isotope analysis based on a review of 
microphotographs and point count data, quartz and carbonate ratios, and types and 
volume percentages of bioclasts and allochems.  In all, 18 samples were selected 
for analysis. 
A small portion of the original core sample (less than 1 cm3) was broken off.  Each 
sample was crushed by hand with an agate mortar and pestle using only sufficient 
pressure to disaggregate the grains.  The sample was tipped into a clean glass dish.  
Viewed under a low power stereo microscope, visibly identifiable pieces of 
carbonate (bioclast, cement, or ooids) were picked out with tweezers until there was 
no less than 500 mg of mostly carbonate sample collected in a separate dish.  
Removal of any allochem fragments was attempted but it is possible small amounts 
were included. In any case, the samples represent bulk cement samples as micro-
sampling was not available.  The separated sample was sealed in a labelled screw-
top vial.  For samples where it was impractical to separate the carbonate from the 
rest of the rock up to 2 grams of whole rock sample, minus large obviously non-
carbonate pieces, was sealed in a labelled sample vial.  All equipment used was 
washed with plain water then dried with ethanol between samples.  The samples 
were prepared and analysed for δ18O and δ13C ratios by GNS Laboratories in New 
Zealand. 
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8 Results 
8.1 Petrography 
Calcite cement is the dominant carbonate cement in these sandstones.  Minor 
occurrences of siderite and dolomite were observed and recorded in point counting, 
but no aragonite or ankerite was recorded.  Siderite and dolomite were identified 
petrographically in thin section by crystal shape and colour change under polarised 
light.  The Torosa 1 and Torosa 4 samples used in this study were categorised as 
either sandstone or limestone rocks.  The basis for classification were methods used 
by Folk (1959) and Mount (1985).  The majority of the rocks are named purely from 
either the Folk or Mount classification scheme. In some instances a rock 
classification may be the result of a melding of the two schemes. 
The samples classified as sandstones are the primary subjects of this study 
comprising 39 sandstone samples from Torosa 1 and 15 sandstone samples from 
Torosa 4.  The classification of the rocks from Torosa 1 and Torosa 4 (section 7.4, 
Table 2 and 3) resulted in 11 classes of siliciclastic rock.  Table 2 below shows a 
representative sample image and the number of samples in each classification in 
parentheses.  Each row of the figure shows a plane polarised light photomicrograph 
on the left-hand side, and the same view in cross polarised light on the right-hand 
side.  The classification images are shown magnified by either 4x or 2x.  The field of 
view across each image is about four millimetres and seven millimetres respectively.  
Sample classifications were defined using point counting data according to criteria in 
the top of each row in Table 2.   
For completeness, the 63 samples classified as limestones were grouped into five 
separate classes, also using the combined classification schemes of Folk (1959), 
and Mount (1985).  These classifications are as follows with the number of each 
classification in parentheses:  biosparite (3); sandy biosparite (54); oosparite (2); 
sandy oosparite (3); and sandy packed biosparite (1).  The full lists of classifications 
and descriptions of each thin section are included in Appendices A and E. 
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Table 2: Sandstone rock sample classifications for Torosa 1 and Torosa 4 in order from top to bottom of 
greatest to least average primary porosity.   FOV is about 4 mm across except where a scale bar is shown. 
Each pair of images in a row have the same FOV. The left side image is in plain polarised light and the right 
side image is in crossed polarised light. 
 Subarkose (1)   T1 4362.03 m 
A sandstone where: quartz grains as % of total lithics are ≥ 75% and < 95%, matrix is <15%, rock fragments 
are ≥ 5%, percentage of feldspar > rock fragments, and carbonate cement and allochems 
combined are < 10%. 
             
Quartzarenite (18)   T1 4306.37 m 
A sandstone where: quartz grains as % of total lithics are ≥ 95%, matrix is < 15%, rock fragments are < 5%, 
and carbonate cement and allochems combined are < 10%. 
 
             
Sublitharenite (6)   T4 4251.45 m 
A sandstone where: quartz grains as % of total lithics are ≥ 75% and < 95%, matrix is <15%, rock fragments 
are ≥ 5% and < 25, percentage of rock fragments > feldspar, and carbonate cement and 
allochems combined are < 10%.   
 
             
Table 2 continued over ... 
E 
C 
A D C 
E F 
A B 
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Table 2 continued ... 
Quartzwacke (6)   T1 4322.60 m 
A sandstone where: quartz grains as % of total lithics are ≥ 95%, matrix is ≥ 15%, rock fragments are <5%, 
and carbonate cement and allochems combined are < 10%. 
 
             
Calcareous Quartzarenite (14)  T1 4362.86 m 
A sandstone where: quartz grains as % of total lithics are ≥ 95%, matrix is < 15%; rock fragments are < 5%, 
percentage of calcite cement > allochems, and carbonate cement and allochems combined are ≥ 10%. 
 
Allochemic Quartzarenite (2) T1 4362.86 m 
A sandstone where: quartz grains as % of total lithics are ≥ 95%, matrix is < 15%; rock fragments are < 5%, 
percentage of allochems > calcite cement, and carbonate cement and allochems combined are ≥ 10%. 
 
 
 
 
 Table 2 continued over ... 
 
H G 
I J 
K L 
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Table 2 continued ... 
 
 
Allochemic Sublitharenite (1)   T4 4252.81 m 
A sandstone where: quartz grains as % of total lithics are < 95%, matrix is ≥ 15%, rock fragments are ≥ 5%, 
percentage of rock fragments > feldspar, and carbonate cement and allochems combined are < 
10%. 
             
Lithicwacke (4)  T4 4278.74m 
A sandstone where: quartz grains as % of total lithics are ≥ 50% and < 95%, matrix is ≥15%, rock fragments 
are ≥ 5% and < 25%, and carbonate cement and allochems combined are < 10%. 
 
             
Allochemic Quartzwacke (1)   T1 4326.60 m 
A sandstone where: quartz grains as % of total lithics is ≥ 95%, matrix is ≥ 15%, rock fragments are < 5%, 
there is a greater % of allochems than carbonate cement, and allochems are ≥ 10% and < 50%. 
 
            
 
 
 Table 2 continued over ... 
N M 
P O 
R Q 
 43 John Jackson 
Table 2 continued ... 
Calcareous Sublitharenite (2) T1 4365.25 m 
A sandstone where: quartz grains as % of total lithics are ≥ 50% and < 95%; matrix is <15%; rock fragments 
are ≥ 5% and < 25%; there is a greater % of carbonate cement than allochems; and carbonate 
cement is ≥ 10% and < 50%. 
 
Subarkose (2)   T4 4286.85 m  
A sandstone where: quartz grains as % of total lithics are ≥ 75% and < 95%, matrix is <15%, rock fragments 
are ≥ 5%, percentage of feldspar > rock fragments, and carbonate cement and allochems combined are < 
10%.            
 
 
 
 
Table 3 below shows the results, as a percentage, of the quantitative XRD bulk 
powder analyses carried out on Torosa 1 and Torosa 4 samples.  This table 
includes the clay fraction XRD analysis results in which the dickite count is 
combined with the kaolinite.     
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A summary table of grain size parameters including Modal size, median, skewness, 
and standard deviation for all Torosa 1 and Torosa 4 samples is shown in Tables 4a 
and 4b below. 
Table 3:  Quantitative XRD Bulk Powder Percentages in Sandstones.  The clay fraction was 
determined separately as described in the Methodology section of this paper.  Dickite is 
combined with kaolinite in the count. 
 
BULK SAMPLE %      
Sample Depth (m)
T1 - Torosa 1
T4 - Torosa 4  % Kaolinite  % Illite
T1_4302.41 98.7 1.3 - - - - - - - - 100.0 0.0
T1_4303.98 96.8 1.1 2.1 - - - - - - - 97.1 2.9
T1_4322.42 73.3 3.9 - - - - - 21.6 - 1.2 94.3 5.7
T1_4322.60 93.9 3.2 - 2.9 - - - - - - 100.0 0.0
T1_4326.03 92.5 5.0 2.4 - - - - - - - 88.7 11.3
T1_4326.60 69.2 1.7 - 3.2 - - - 26.0 - - 92.4 7.6
T1_4327.98 74.6 - 2.2 4.0 - - - 19.2 - - 87.1 12.9
T1_4328.98 78.6 - 5.3 - - - 2.0 14.1 - - - -
T1_4343.17L - - - - - - - - - - 100.0 0.0
T1_4343.17U - - - - - - - - - - 100.0 0.0
T1_4347.02 - - - - - - - - - - 100.0 0.0
T1_4352.16L 75.1 2.7 - - - - - 19.6 - 2.5 97.4 2.6
T1_4352.61U 85.5 - 1.9 - - - - 12.6 - - 97.8 2.2
T1_4362.53 88.4 2.9 - - - - - 8.6 - - 97.6 2.4
T1_4363.93 89.0 2.7 - - - - - 8.3 - - 98.7 1.3
T1_4367.28 48.2 - 1.8 - 0.9 - - 49.2 - - 100.0 0.0
T1_4370.85 86.7 3.1 0.8 - - - 7.8 1.9 - - 96.7 3.3
T1_4371.70 78.0 12.5 - - 8.8 - - - - 0.7 - -
T1_4374.93 65.5 3.5 - - - 20.8 10.2 - - - - -
T1_4375.71 98.4 1.6 - - - - - - - - - -
T1_4378.65 90.8 3.0 - - - - - 6.2 - - 98.9 1.1
T1_4383.35 78.7 3.0 0.6 - - - 2.3 15.5 - - 99.6 0.4
T1_4383.47 87.8 7.7 - 4.5 - - - - - - 98.5 1.5
T1_4389.60 81.9 3.6 4.4 - - - - - - 4.3 - -
T1_4414.03 95.8 3.2 - - - - - - - 1.0 96.5 3.5
T4_4247.56 42.9 1.3 - - - - - 51.0 - 4.7 97.0 3.0
T4_4259.45 44.9 - 0.9 - - - - 54.2 - - 98.8 1.2
T4_4268.32 65.8 - 1.3 - - - - 31.8 - 1.0 100.0 0.0
T4_4278.74 22.7 - - - - - - 77.3 - - 98.4 1.6
T4_4286.85 62.5 7.7 - - - - - 1.8 - 24.5 100.0 0.0
T4_4289.03 91.9 5.8 - - - - - - - - 98.6 1.4
T4_4333.12 63.7 - - - - - - 36.3 - - 100.0 0.0
T4_4333.95 98.5 1.5 - - - - - - - - 100.0 0.0
T4_4347.79 60.2 - - - - - - 39.8 - - 100.0 0.0
CLAY FRACTION % 
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Table 4a: Summary of grain size parameters – mean, median, and standard deviation of 
grain size (mm & phi), skewness, and kurtosis 
 
 
  
Well
Depth 
(DD,m)
Modal size class
Mean 
(mm)
Median 
(mm)
Skewness Kurtosis 
Standard 
Deviation 
(mm)
Mean 
(phi)
Median 
(phi)
Standard 
Deviation 
(phi)
1 Torosa_1 4302.41 Medium Sand Upper 0.42 0.27 1.87 3.95 0.25 1.25 1.89 2
2 Torosa_1 4303.98 Medium Sand Upper 0.52 0.2 0.94 1.15 0.28 0.94 2.32 1.86
3 Torosa_1 4306.37 Coarse Sand Lower 0.62 1.08 0.19 -0.05 0.29 0.69 -0.11 1.81
4 Torosa_1 4322.42 Medium Sand Upper 0.45 0.59 1.49 3.80 0.17 1.15 0.76 2.53
5 Torosa_1 4322.6 Fine Sand Upper 0.34 0.43 0.68 0.22 0.17 1.56 1.22 2.55
6 Torosa_1 4326.03 Coarse Silt 0.09 0.11 1.25 1.53 0.04 3.47 3.18 4.53
7 Torosa_1 4326.6 Fine Sand Upper 0.19 0.26 1.10 1.93 0.08 2.40 1.94 3.73
8 Torosa_1 4327.98 Medium Sand Upper 0.49 0.49 2.21 10.71 0.19 1.03 1.03 2.4
9 Torosa_1 4328.98 Medium Sand Upper 0.51 0.73 3.06 15.94 0.28 0.97 0.45 1.84
11 Torosa_1 4342.12 Fine Sand Upper 0.29 0.23 3.62 14.51 0.28 1.79 2.12 1.82
12 Torosa_1 4343.17 Fine Sand Upper 0.22 0.14 3.63 16.04 0.15 2.18 2.84 2.69
13 Lower 4343.17 Very Fine Sand Lower 0.13 0.08 2.02 7.64 0.16 2.94 3.64 2.65
14 Upper 4343.17 Very Fine Sand Upper 0.12 0.14 7.32 68.18 0.05 3.06 2.84 4.35
15 Torosa_1 4345.9 Very Fine Sand Upper 0.09 0.09 0.76 0.53 0.03 3.47 3.47 4.92
17 Torosa_1 4347.28 Coarse Sand Upper 0.74 0.62 2.13 11.67 0.39 0.43 0.69 1.37
18 Torosa_1 4347.89 Medium Sand Upper 0.44 0.21 1.11 0.73 0.29 1.18 2.25 1.77
19 Torosa_1 4349.04 Medium Sand Lower 0.55 0.22 2.82 10.37 0.47 0.86 2.18 1.08
20 Torosa_1 4349.19 Fine Sand Upper 0.38 0.16 1.46 1.74 0.28 1.40 2.64 1.83
21 Torosa_1 4351.67 Medium Sand Upper 0.3 0.36 1.09 2.50 0.17 1.74 1.47 2.58
22 Torosa_1 4352.16 Medium Sand Lower 0.32 0.24 2.38 8.75 0.19 1.64 2.06 2.4
23 Lower 4352.16 Fine Sand Lower 0.15 0.08 3.73 19.41 0.11 2.74 3.64 3.2
24 Upper 4352.16 Very Coarse Sand Lower 1.04 2.01 2.21 6.39 0.63 -0.06 -1.01 0.67
25 Torosa_1 4352.61 Fine Sand Upper 0.42 0.11 2.19 4.80 0.36 1.25 3.18 1.47
26 Lower 4352.61 Coarse Sand Upper 0.58 0.36 1.96 8.93 0.41 0.79 1.47 1.27
27 Upper 4352.61 Very Fine Sand Upper 0.14 0.1 2.85 9.44 0.11 2.84 3.32 3.24
28 Torosa_1 4354.75 Fine Sand Lower 0.2 0.39 2.88 12.71 0.16 2.32 1.36 2.62
29 Torosa_1 4355.67 Fine Sand Lower 0.26 0.25 5.10 29.88 0.28 1.94 2.00 1.85
30 Torosa_1 4360.21 Fine Sand Upper 0.39 0.2 1.92 3.56 0.28 1.36 2.32 1.84
31 Torosa_1 4361.36 Medium Sand Lower 0.39 0.35 1.94 4.30 0.30 1.36 1.51 1.76
32 Torosa_1 4362.03 Fine Sand Upper 0.3 0.1 1.78 4.12 0.16 1.74 3.32 2.66
33 Torosa_1 4362.53 Medium Sand Upper 0.34 0.25 0.59 -0.30 0.17 1.56 2.00 2.59
34 Torosa_1 4362.86 Fine Sand Upper 0.36 0.25 2.60 10.44 0.24 1.47 2.00 2.03
35 Torosa_1 4363.93 Medium Sand Lower 0.33 0.2 1.27 0.73 0.18 1.60 2.32 2.49
36 Torosa_1 4365.25 Fine Sand Upper 0.35 0.18 4.51 25.36 0.48 1.51 2.47 1.05
37 Torosa_1 4365.4 Fine Sand Upper 0.22 0.2 5.26 30.02 0.24 2.18 2.32 2.05
38 Torosa_1 4366.95 Fine Sand Upper 0.32 0.14 2.61 6.46 0.33 1.64 2.84 1.61
39 Torosa_1 4367.28 Very Fine Sand Upper 0.14 0.38 2.35 4.67 0.13 2.84 1.40 2.98
40 Torosa_1 4370.85 Coarse Sand Upper 0.57 0.71 0.20 -0.41 0.26 0.81 0.49 1.92
41 Torosa_1 4371.7 Medium Sand Upper 0.37 0.32 0.71 0.59 0.17 1.43 1.64 2.55
42 Torosa_1 4373.7 Fine Sand Upper 0.32 0.19 2.42 7.45 0.26 1.64 2.40 1.94
43 Torosa_1 4374.93 Medium Sand Upper 0.4 0.06 0.19 -0.13 0.16 1.32 4.06 2.67
44 Torosa_1 4375.71 Coarse Sand Upper 0.73 0.9 3.66 28.80 0.38 0.45 0.15 1.39
45 Torosa_1 4378.65 Fine Sand Upper 0.23 0.22 0.77 1.79 0.08 2.12 2.18 3.57
46 Torosa_1 4378.78 Coarse Sand Lower 0.5 1 1.03 1.21 0.30 1.00 0.00 1.74
47 Torosa_1 4383.35 Very Coarse Sand Lower 0.7 0.73 0.24 -1.24 0.45 0.51 0.45 1.16
48 Torosa_1 4383.47 Medium Sand Upper 0.47 0.46 0.36 -0.18 0.15 1.09 1.12 2.78
49 Torosa_1 4385.57 Fine Sand Upper 0.27 0.26 4.57 25.99 0.19 1.89 1.94 2.43
50 Torosa_1 4386.03 Fine Sand Upper 0.22 0.18 1.28 3.07 0.09 2.18 2.47 3.5
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Table 4b: Summary of grain size parameters – mean, median, and standard deviation of 
grain size (mm & phi), skewness, and kurtosis 
 
 
 
 
Well
Depth 
(DD,m)
Modal size class
Mean 
(mm)
Median 
(mm)
Skewness Kurtosis 
Standard 
Deviation 
(mm)
Mean 
(phi)
Median 
(phi)
Standard 
Deviation 
(phi)
52 Torosa_1 4387.33 Fine Sand Upper 0.23 0.32 1.06 2.20 0.08 2.12 1.64 3.58
53 Torosa_1 4388.42 Fine Sand Upper 0.27 0.23 5.39 33.66 0.23 1.89 2.12 2.14
54 Torosa_1 4388.8 Fine Sand Upper 0.22 0.24 1.09 1.71 0.10 2.18 2.06 3.32
55 Torosa_1 4389.04 Fine Sand Upper 0.24 0.2 2.94 12.80 0.12 2.06 2.32 3.08
56 Torosa_1 4389.6 Medium Sand Lower 0.34 0.31 0.90 1.11 0.13 1.56 1.69 2.94
57 Torosa_1 4392.4 Coarse Sand Lower 0.49 0.14 0.82 1.71 0.21 1.03 2.84 2.28
58 Torosa_1 4399.41 Medium Sand Lower 0.47 0.79 1.40 2.50 0.25 1.09 0.34 2.02
59 Torosa_1 4407.67 Medium Sand Upper 0.43 0.27 2.12 9.16 0.24 1.22 1.89 2.07
60 Torosa_1 4407.71 Medium Sand Upper 0.48 0.54 2.25 8.46 0.33 1.06 0.89 1.59
61 Torosa_1 4414.03 Medium Sand Lower 0.37 0.8 1.11 1.72 0.19 1.43 0.32 2.42
62 Torosa_1 4418.83 Medium Sand Lower 0.33 0.27 1.20 3.34 0.16 1.60 1.89 2.62
63 Torosa_1 4425.52 Coarse Sand Lower 0.58 0.92 0.41 0.48 0.26 0.79 0.12 1.96
65 Torosa_4 4248.43 Medium Sand Lower 0.29 0.33 0.85 2.09 0.15 1.79 1.60 2.76
66 Torosa_4 4251.45 Very Fine Sand Upper 0.22 0.21 2.04 5.17 0.22 2.18 2.25 2.2
67 Torosa_4 4252.69 Fine Sand Upper 0.52 0.18 1.18 0.70 0.44 0.94 2.47 1.19
68 Torosa_4 4252.81 Coarse Silt 0.06 0.02 3.45 15.86 0.06 4.06 5.64 4.01
69 Torosa_4 4253.44 Medium Sand Lower 0.38 0.23 2.58 6.99 0.29 1.40 2.12 1.77
70 Torosa_4 4259.45 Fine Sand Upper 0.24 0.25 2.82 11.81 0.14 2.06 2.00 2.82
71 Torosa_4 4260.76 Coarse Sand Upper 0.58 1.12 0.90 0.12 0.39 0.79 -0.16 1.36
72 Torosa_4 4260.88 Fine Sand Upper 0.65 0.3 1.34 0.99 0.62 0.62 1.74 0.68
73 Torosa_4 4263.19 Medium Sand Lower 0.29 0.27 1.04 2.13 0.13 1.79 1.89 2.97
74 Torosa_4 4266.45 Coarse Sand Lower 0.48 0.12 1.50 4.84 0.23 1.06 3.06 2.14
75 Torosa_4 4266.6 Medium Sand Upper 0.42 0.33 -0.08 0.03 0.13 1.25 1.60 2.91
76 Torosa_4 4268.32 Medium Sand Lower 0.29 0.41 1.01 0.69 0.18 1.79 1.29 2.46
77 Torosa_4 4268.39 Medium Sand Lower 0.35 0.38 4.10 19.17 0.38 1.51 1.40 1.41
78 Torosa_4 4270.36 Coarse Sand Upper 0.75 0.47 2.23 7.97 0.43 0.42 1.09 1.23
79 Torosa_4 4272.49 Very Fine Sand Upper 0.21 0.09 1.17 0.57 0.17 2.25 3.47 2.57
80 Torosa_4 4273.7 Fine Sand Upper 0.23 0.18 2.56 8.99 0.14 2.12 2.47 2.87
81 Torosa_4 4273.76 Coarse Sand Lower 0.66 0.48 3.41 14.72 0.55 0.60 1.06 0.86
82 Torosa_4 4273.85 Medium Sand Lower 0.31 0.03 1.74 3.53 0.25 1.69 5.06 2.01
83 Torosa_4 4276.84 Very Coarse Sand Lower 1.49 1.51 2.14 6.49 0.91 -0.58 -0.59 0.13
84 Torosa_4 4278.74 Fine Sand Upper 0.29 0.24 4.99 39.78 0.24 1.79 2.06 2.04
85 Torosa_4 4279.86 Very Fine Sand Upper 0.11 0.15 3.59 21.36 0.08 3.18 2.74 3.61
86 Torosa_4 4280.71 Coarse Sand Upper 0.85 0.52 0.69 0.70 0.41 0.23 0.94 1.3
87 Torosa_4 4285.73 Very Fine Sand Upper 0.12 0.08 3.16 13.52 0.09 3.06 3.64 3.54
88 Torosa_4 4286.63 Very Fine Sand Upper 0.12 0.04 1.56 6.57 0.05 3.06 4.64 4.36
89 Torosa_4 4286.85 Very Fine Sand Upper 0.13 0.13 2.14 7.36 0.06 2.94 2.94 3.96
90 Torosa_4 4289.03 Fine Sand Lower 0.17 0.07 3.08 11.47 0.11 2.56 3.84 3.19
91 Torosa_4 4289.9 Fine Sand Lower 0.21 0.17 4.97 27.71 0.37 2.25 2.56 1.42
93 Torosa_4 4295.43 Fine Sand Upper 0.28 0.33 1.26 2.53 0.13 1.84 1.60 2.92
94 Torosa_4 4307.55 Medium Sand Lower 0.3 0.3 0.54 0.33 0.12 1.74 1.74 3.02
95 Torosa_4 4333.12 Coarse Sand Lower 0.59 0.7 0.75 0.66 0.23 0.76 0.51 2.15
96 Torosa_4 4333.77 Medium Sand Lower 0.26 0.15 1.13 2.08 0.13 1.94 2.74 3
98 Torosa_4 4333.95 Coarse Sand Upper 0.68 0.52 0.49 0.28 0.28 0.56 0.94 1.84
99 Porous 4333.95 Medium Sand Lower 0.25 0.17 0.73 0.52 0.11 2.00 2.56 3.21
100 Cemented 4333.95 Medium Sand Lower 0.28 0.25 0.93 1.71 0.11 1.84 2.00 3.19
101 Torosa_4 4347.79 Fine Sand Lower 0.22 0.25 1.73 4.15 0.12 2.18 2.00 3.01
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The average of the range and mean of grain sizes in each classification is shown in 
Figure 15 below.  A linear plot of highest to lowest average porosity and average 
authigenic clay content for each classification is also shown on the figure, arranged 
in order of highest porosity to lowest.  The average porosity decreases (from left to 
right) as the total average clay content remains within the limits of 0.5 % to 7%.  This 
plot shows that there is very little to no correlation between average grain size, 
porosity, or clay content throughout the sample set. 
The narrowest range of grainsize averages was recorded in the allochemic 
quartzwackes between 0.24 mm to 0.02 mm (2.06 Φ to 5.64 Φ) and the broadest 
spread in average grainsizes was recorded in the calcareous sublitharenites from 
1.1 mm to 0.03 mm (-1.48 Φ to 4.12 Φ).  That said, the range of minimum grainsize 
averages of all classifications is fairly uniformly within 0.02 mm to 0.05 mm (5.64 Φ 
to 4.59 Φ), and the mean ranges from 0.47 mm to 0.10 mm (2.25 Φ to 3.36 Φ).  The 
 
Figure 15:  Mean and range of grain size averages for each sandstone classification group. 
Dotted line plots show average primary porosity and average authigenic clay content in each 
classification group.  Data from point counting results of 54 samples from Torosa 1 and 
Torosa 4.  Data are plotted from left to right by greatest to least total porosity (%).  Porosity 
is relatively low in the calcareous samples. For porosity and clay content, r = -0.177 
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maximum grainsize averages have a wider range of between 1.33 mm to 0.40 mm (-
1.48 Φ to 1.32 Φ). 
8.1.1 Cements and Allochems 
Calcite cement occurred in a number of forms including: microcrystalline, 
neomorphic (microspar, and pseudospar), blocky (drusy), bladed, syntaxial 
(contouring and needles), and poikilotopic (Figure 7 & Figure 9)  Some of the more 
common allochems and cements catalogued from thin section point counting are 
illustrated in Figure 16.  Examples of feldspar in samples were few and far between, 
plagioclase even less so, identified during point counting by observation of extinction 
twinning under crossed polarised light. 
Cement types observed in point counted samples from Torosa 1 and Torosa 4 
include, in order of prevalence: calcite cement, quartz overgrowth cement, kaolinite, 
siderite, and dolomite.  Crystalline dolomite cement was observed in trace amounts 
during point counting but did not fall under the cross hairs so was not recorded.   
A number of allochem types were identified.  In the event that a more precise 
taxonomy was unclear due to the effects of diagenetic processes a more 
generalised category was used.  For instance: there were many more allochem 
fragments identified as molluscs rather than bivalves or gastropods.  ‘Mollusc’ is 
used here as a general descriptor in cases where a fragment is identifiable as 
allochemic but type is indeterminate beyond it appearing as a shell fragment of 
some kind. 
Allochem fragments identified in Torosa 1 in order of prevalence were: mollusc 
(46.5%), gastropod (17.3%), brachiopod (12.8%), crinoid (8.1%), echinoid (5%), 
ooid (4.4%), bivalve (3.3%), and the remaining 2.6% included peloid, bryozoan and 
oncoid.  For Torosa 4, allochem prevalence was:  Mollusc (51.6%), ooid (24.7%), 
brachiopod (12.6%), gastropod (5.4%), crinoid (3%), echinoid (2.1%), and bryozoan 
(0.6%). Allochems that were observed but did not register in the point counting 
include foraminifera and scleractinian corals. 
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Figure 16: Common Cements and Allochems.  [A & B] – plain (pp) and crossed polarised 
(xp) light photomicrographs of Torosa 4 sample 4260.88 m (sandy biosparite):  C – blocky 
calcite, pyrite, Q – quartz grain, M – mollusc, Br – brachiopod, Bi – bivalve, By – bryozoan, 
E – echinoderm, G – gastropod.  [C & D]  – pp and xp photomicrographs of Torosa 4 
sample 4347.79 m (calcareous Sublitharenite):  Cp1 & Cp2– poikilotopic calcite cement 
crystals, Qo – quartz overgrowth cement, P – primary porosity.  [E & F] – pp and xp 
photomicrographs of Torosa 4 sample 4266.45 m (oosparite): CS – calcite spar, m - 
microspar, G – gastropod.  The ooids in the upper portion of image E and F appear to be 
coated in isopachous marine calcite cement and interstitial spaces secondarily infilled 
with microspar.  [G] – pp and xp photomicrographs of Torosa 1 sample 4378.78 m (sandy 
biosparite): CR – crinoid, Q – quartz, P – fracture porosity, C – blocky (drusy) calcite spar, 
& B – bladed calcite spar infill of a fracture. 
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8.2 Sandstone Composition  
The dominant lithological characteristics prevalent in all Torosa 1 and Torosa 4 
samples ranged between sandstones containing mostly quartz with scant carbonate 
in the form of cement or allochems, to a sandstone with a carbonate percentage up 
to 40%. 
Attributes determined by point counting of the Torosa 1 sandstones show 
monocrystalline quartz ranges from raw percentages of  33.6% in sample 4425.52m, 
a calcareous quartzarenite, to a maximum of 83.4% in sample 4363.93m, a 
quartzarenite.  The amounts of calcareous fossils found in Torosa 1 samples range 
from 0% in most of the quartzarenites and quartzwackes, up to a maximum of 
30.9% in sample 4367.28m, an allochemic sublitharenite. 
Attributes of the Torosa 4 sandstones include a monocrystalline quartz minimum of 
30.3% in 4247.56m, and a monocrystalline quartz maximum of 74.3% in 4289.03m, 
a quartzarenite.  The amounts of calcareous fossils found in Torosa 4 samples 
range from 0% in all of the quartzarenites, up to a calcareous fossil maximum of 
26.3% in 4278.74m, an allochemic sublitharenite.  Another form of quartz noted in 
the point counting was polycrystalline quartz, of which there was very little with the 
exception of 12.3% in Torosa 1 sample 4362.53m.  
Quartz overgrowth cement occurs in all but a few samples and is most prevalent in 
Torosa 1 samples, the highest occurrence being 17.3% in 4343.17m, a subarkose, 
in Torosa 1.   
The relationship between the percentage of carbonate cement to quartz cement, 
and percentages of allochems and their effect on primary porosity are illustrated in 
Figure 17.  Where a sample is dominated by quartz cement there is little if any 
carbonate cement.  Conversely, if carbonate cement dominates then there is 
typically only a very small percentage of quartz overgrowth cement.  Additionally, 
carbonate cement tends to amount to a greater percentage of the total rock volume 
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than quartz cement where one dominates, as is especially noticeable in Torosa 4 
samples. 
Figure 17 shows a correlation between a dominant carbonate percentage and a high 
allochem percentage (open circles and green line), and a correlation between a high 
quartz cement percentage and a high primary porosity percentage (diamonds and 
orange line).  One prominent exception is Torosa 1 4343.17U, which has both a high 
allochem content (20.7%) as well as a high quartz cement content (17.3%), but low 
carbonate cement (0.7%).  Sample 4345.90m exhibits a similar but more subdued 
pattern. 
A correlation was found to exist between calcite cement, lower porosity and the 
prevalence of allochems (Figure 17).  A dominance of quartz overgrowth cement, on 
the other hand, corresponds to a comparatively elevated primary porosity 
percentage.  This appears to be the case for all sandstone samples in this study 
regardless of other factors such as authigenic clay content, secondary porosity, 
compaction, grain contact type, or allochem type.  
Quantitative data obtained by point counting of siliciclastic thin sections from Torosa 
1 and Torosa 4 wells are shown in appendix D, collated as percentages of the total 
counts per attribute.  Further details of the number of counts per attribute for these 
thin sections and additional carbonate thin section data are shown in Appendix B. 
The distribution of carbonate cements is presented graphically in Figure 18.  Fibrous 
isopachous cement was recorded in six samples overall, five in Torosa 1 and one in 
Torosa 4, the highest being 5 points (1.7%) noted in sample T4 4349.04m.  Bladed 
isopachous cement was recorded 11 times in Torosa 1 and nine times in Torosa 4, 
the highest being 23 points (7.7%) in T4 4266.60m. 
Although the occurrence of organic matter-rich matrix shows an inverse relationship 
with porosity (Figure 19), as expected, high matrix content does not correlate with 
high calcite cement volumes (Figure 20). 
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Figure 17: Percentages derived from point counting of carbonate cement to quartz cement.   
 The amount in each sample shown extending either side of the zero line (grey bars).  
Primary porosity and allochem percentages are also shown as points connected by a line.  
Primary porosity % - diamonds and orange line, Allochem % - Circles and green line. Note 
that porosity is generally low where carbonate cement and allochem percentages are high.  
(Sample depths not to scale.) 
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Figure 18: Calcite Cement Distribution and Frequency of Appearance and Texture, from 
Point Counting Data.  Samples with little to no carbonate cement would be defined as 
sandstone. Note that a greater variety of cement types were encountered in Torosa 1. See 
Appendices A and E for details. 
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Figure 20: Calcite Cement % vs. Matrix %, for siliciclastic samples (r = -0.135). 
 
 
Figure 19:  Point Counting Percentages of Porosity vs. Matrix %, for siliciclastic 
samples (r = -0.213). 
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In general, calcite cement and matrix are almost mutually exclusive, although calcite 
cement does occur in rare matrix-rich samples (T1 4347.02 m, allochemic 
quartzwacke).  Some matrix-rich samples may have had constrained calcite 
precipitation due to organic matter oxidation during sulphate reduction in muddy, 
organic rich sandstones which had abundant poikilotopic calcite cement, and in 
some cases within burrows.  Such samples may represent a small but distinct sub-
group of calcite cements within the larger data set. 
8.3 Grain Packing 
Grain compaction was observed in numerous forms and is indicative of the timing of 
diagenetic processes pre- or post-cementation.  The two images below in Figure 21 
show examples of grain compaction between quartz grains and between quartz 
grains and allochems. 
 
Measurements of grain packing in thin sections were carried out on a representative 
sub-set of all siliciclastic samples in Torosa 1 and Torosa 4.  The plots in Figure 21 
show grain packing data determined for Torosa 1 and Torosa 4 samples.  The 
graphs show the difference in Packing Density (Pd), an expression of the amount of 
space in a traverse occupied by grains, and Packing Proximity (Pp), a measure of 
 
Figure 21: Compaction of quartz grains and pressure solution of quartz into allochem. 
 A – An example of compaction dissolution between quartz grains and the resulting sutured 
contacts (wavy) and black stylolites (T1 4302.41m).  B – An example of quartz grains 
penetrating into a mollusc shell fragment due to compaction dissolution of carbonate (T1 
4352.16m).  Scale bars are 0.25 mm. 
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closeness between grains expressed as a ratio of the number of grain to grain 
contacts to the total number of contacts.   
For example, in sample 4302.41m (Figure 22A), Pd = 83% and Pp = 30%.  
Therefore, grains along the length of the traverse occupied 83% of the rock volume, 
and the likelihood of a grain being in contact with another grain along the line of the 
transect was 30%.  The maximum value for these expressions are 100% where 
each grain along the transect is in contact with the next one (Kahn, 1956). 
 
 
 
 57 John Jackson 
 
 
 
 
Figure 22: Packing Index of Sandstones in Torosa 1 (A), and Torosa 4 (B). 
Note that increasing percentages reflect increasing compaction. 
U – upper portion of thin section slide, L – lower portion of thin section slide,  
P – porous, C – calcite cemented. 
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8.4 X-ray Diffraction (XRD) 
Siliciclastic samples from Torosa 1 and Torosa 4 underwent bulk powder XRD 
analysis to identify mineral phases therein using X’Pert HighScore Plus©.  The 
mineral phases were quantified as a percentage of the whole using SiroQuant©.     
Of the 31 samples from both wells, quartz percentage ranges from 98.7% (Torosa 1 
4302.41m) to 22.7% (Torosa 4, 4278.74m).  Twenty-two samples contained dickite 
(71%), 19 contained calcite (61%), 11 contained kaolinite (35%), 8 contained pyrite 
(26%), 4 contained illite (13%), and 2 contained muscovite (6%).  It has been 
suggested by other workers that kaolinite may be partially transformed into dickite 
by subsequent burial and temperature increases above 80°C aided by the scarcity 
of detrital k-feldspars (Ehrenberg et al., 1993; McAulay et al., 1994; Morad et al., 
2000). 
The clay fraction XRD counts provide results that differ from the bulk fraction 
percentages for kaolinite and illite.  Where the bulk sample percent for kaolinite, 
dickite, and illite is given as a percentage of the whole rock, the clay fraction then 
provides a percentage of the amount of one clay to the other (dickite is included in 
the kaolinite count).  An example of classification correlation of samples based on 
results between point counting and XRD can be seen by looking at the analysis of 
4278.74m from Torosa 4.  The XRD analysis returned a result of a quartz content of 
22.7% and calcite content of 77.3% which appears to suggest a carbonate rock.  
This corresponds with its earlier classification from visual analysis and point 
counting data as a limestone (sandy biosparite).  Point counting data showed it to 
have a quartz content of 38.3%, carbonate content of 19.3%, and calcareous fossil 
(allochem) content of 26.7%.  The remainder comprised 4.6% porosity, 1.0% clays, 
and 10.3% other.  The thin section photomicrographs of this sample show many of 
the clasts, both siliciclastic and biogenic, to have floating grains or point grain 
contacts, and much of the intergranular volume has been filled with calcite cement 
(Table 3, and Appendix A).  Visible primary porosity is low at only 0.3% and 
secondary porosity was 4.3%.  Ideally, datasets from both analysis methods are 
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preferred as a confirmation of an interpretation but in the case that only one form is 
available then it may be inferred that results from one method would concur with the 
other.  
8.5 Porosity Loss – Compaction and Cementation 
The plots in Figure 23 illustrate porosity loss due to compaction and cementation 
and provide an estimation of original intergranular porosity (Houseknecht, 1987; 
Lundegard, 1992).  The vertical axes on the left of Figure 23, A & B, represent 
intergranular volume (IGV), which is an estimation of the original porosity of the 
sandstone.  The horizontal axis represents the volume of cement present (CEM) 
and the percentage of original porosity destroyed by cementation (OP).  
Houseknecht (1987) assumed a well sorted sand with an original average porosity 
of 40%, but for these data the sorting and average grain size of each sample was 
determined first using the grain size measurements recorded from each thin section.  
Then, the sorting classification was used to assign an IGV value for each sample 
from the average porosity column in Table 2 (Beard and Weyl, 1973).  The vertical 
axis on the right side in Figure 23, A & B can also be used to quantify the 
percentage of original porosity that has been destroyed by mechanical and chemical 
compaction (COPL) (Houseknecht, 1987).  Equivalent lines of intergranular porosity 
plot as diagonally straight lines on Figure 23   A & B, from bottom left to upper right, 
and intergranular porosity may be estimated directly from the figure.  Samples that 
plot below the dashed half diagonal line (left-hand quarter) are those in which 
cementation had a greater effect on intergranular porosity loss than compaction 
(upper quarter) (Houseknecht, 1987).   
The majority of points plot in the left-hand region of the diagram indicating that 
mechanical compaction played a greater part in loss of intergranular volume than 
did cementation.  This effect is observed more noticeably in samples with low (cross 
symbol) or zero (open circle symbol) allochem percentages. 
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A white cross on a black square indicates the average for all data points on each 
plot.  Although the Torosa 4 average is biased slightly towards porosity lost more by 
cementation than by mechanical compaction, the data points are fairly well spread 
across the plot (Figure 23 B).  As is the case in Torosa 1, Torosa 4 samples with 
very low (asterisk) to zero (open circle symbol) allochem percentages appear to 
have lost more intergranular volume due to compaction than due to cementation.  
Conversely, those samples with a very high (filled square) to high (filled diamond) 
allochem content tend to have lost more intergranular volume to cementation than to 
mechanical compaction and pressure solution.  In general, the Torosa 1 plot shows 
that those samples with a lower allochem percentage are more likely to have lost 
porosity through mechanical compaction rather than cementation.   
Figure 23 C & D show a generalised quantitative assessment of the effect of 
compaction and porosity loss using point-count data from the Torosa 1 and Torosa 4 
thin sections.  Lundegard (1992) and Pate (1989) suggested that Housenecht’s 
method (Figure 23 A & B) is less accurate than it could be because his method for 
calculating mechanical compactional porosity loss is arrived at by a simple 
difference between an assumed original porosity and the current porosity of the 
sample without considering the bulk volume reduction that occurs during 
compaction.  This results in an underestimation of compactional porosity loss – an 
error that Lundegard (1992) tried to correct.  In the case of the Torosa samples 
there is little difference in the spread of points between the two methods.   
Mechanical compaction played a greater part in porosity loss than cementation in 
the majority of the Torosa 1 samples (Figure 23 A & C).  Similarly, data in Figure 23 
D agree with those shown in Figure 23 B in that the porosity loss in Torosa 4 
samples is equally spread between mechanical compaction and cementation with a 
slight bias towards porosity loss to cementation.  With few exceptions, the Torosa 1 
plots show that those samples with lower allochem percentage lost a greater 
amount of porosity through mechanical compaction than through cementation. 
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8.6  Carbonate Stable Isotope Geochemistry 
The bulk stable carbon and oxygen isotope compositions from 18 samples (6 from 
Torosa 1 and 12 from Torosa 4) are listed in Table 5 and shown in Figure 24.  
Results are reported with respect to VPDB.  The δ18O values reported for Torosa 1 
were -10.48 ‰ to -0.88 ‰ and the δ13C values were -8.35 ‰ to 1.72 ‰.  For Torosa 
 
 
Figure 23:  [A & B] – Estimation of original porosity destroyed by cementation and original 
porosity destroyed by compaction and pressure solution  (Houseknecht, 1987).  CEM – Current 
volume of cement (%), IGV – Current intergranular volume (%), OP – Original porosity destroyed by 
cementation, (Ehrenberg, 1995; Longley et al., 2003).  [C & D] – Plots of Compaction Porosity Loss 
(COPL) vs. Cementation Porosity Loss (CEPL) for siliciclastic rocks in Torosa 1 and Torosa 4 
(Lundegard, 1992).  
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4, the δ18O values reported were -10.23 ‰ to -5.35 ‰ and δ13C values of -1.94 ‰ to 
0.74 ‰.  Also shown is the Late Jurassic seawater carbonate range (Prokoph et al., 
2008). 
 
 
 
Figure 23: (A) δ18O and δ13C plots for diagenetic carbonates occurring in Torosa 1 and 
Torosa 4.   (B) Variation in stable isotope composition relative to depth. 
Table 5: Isotope Analysis Results, 18O/16O and 13C/12C for Torosa 1 and Torosa 4.  The 
“Feature” column lists preliminary physical observations of the sample in core form and 
may differ from the later refined petrographic analysis (Appendix A).  
 
Well Depth Preliminary Feature δ
13C δ18O
1 T1 4322.42 muddy - peloids(?) -7.17 -10.48
2 T1 4326.60 muddy - peloids(?) -8.35 -10.06
3 T1 4349.04 brachiopods 1.69 -2.32
4 T1 4352.16 cement, high allochem 1.65 -1.34
5 T1 4363.93 high muscovite, low carb. cement Below detection -
6 T1 4378.78 high allochem content 1.72 -0.88
   
7 T4 4253.44 cement -0.89 -7.37
8 T4 4253.58 early cement, fractured -1.12 -10.23
9 T4 4259.45 cement -0.16 -8.34
10 T4 4263.19 high quartz & cement -0.63 -6.19
11 T4 4266.45 Oolitic, fractured, high allochem -0.61 -6.82
12 T4 4266.60 Oolitic, carbonate nodules (?), cement -0.26 -6.72
13 T4 4267.65 Oolitic 0.74 -6.36
14 T4 4272.49 fractured, blocky spar, cement -0.65 -7.11
15 T4 4273.85 high allochem content, cement 0.26 -6.52
16 T4 4281.39 early cement 0.12 -5.35
17 T4 4333.95 nodules -1.94 -7.41
18 T4 4347.79 meteoric quartz Below detection -  
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9 Discussion 
The study of carbonate cements in sandstones has been explored previously by 
many authors (e.g., Bjørkum and Walderhaug 1993, Lundegard 1994, De Souza 
and Silva 1998, Hesse and Abid 1998, Walderhaug and Bjørkum 1998, Macaulay et 
al. 1998, Molenaar, 1998; Morad, 1998; Taylor et al. 2000, Longstaffe et al. 2003, 
and Wanas 2008).  Mineralogy, texture, and chemistry of carbonate cements can 
vary greatly in sandstones, and cements form under a range of diagenetic 
conditions, so it is practical not to assume a one-size-fits-all approach when 
determining the origins of calcareous sandstones.  On the other hand, results of 
studying data from these varied origins reveal some consistency in the outcomes of 
the diagenetic process.  One of these is that an increasing volume of carbonate 
cement will result in a corresponding decrease in porosity.   
The sample set was selected to test the origins of the calcite cement so it is not 
unexpected to observe a bias towards a high calcite percentage.  Because the 
sample set was not picked at random, they cannot be used to predict relationships 
throughout the stratigraphy of the two wells.  However, the core logs show that 
limestone and marine allochems are more abundant at the target depths in Torosa 4 
than in Torosa 1. 
Classification of the 66 sandstone samples from Torosa 1 (45) and Torosa 4 (21), 
using the methods described above, resulted in eleven rock types (Table 2).  The 
most common sandstone type was quartzarenite then calcareous quartzarenite.  
The least prevalent rock types were subarkose, allochemic sublitharenite, and 
allochemic quartzwacke.  This is thought to be primarily due to there being very little, 
if any, matrix or feldspar noted in point counting data.  There is no broad correlation 
observed from the data between grain size, porosity, or clay content (Figure 15).   
Estimation of the destruction of original porosity, using the Houseknecht (1987) and 
Lundegard (1992) methods showed that the loss of porosity in Torosa 1 samples 
was primarily by means of mechanical compaction rather than cementation (Figure 
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23, A & C).  However, porosity loss in Torosa 4 samples is skewed towards porosity 
lost to cementation rather than mechanical compaction, but mechanical compaction 
was still a significant process (Figure 23, B & D).  Calcite cement and quartz 
overgrowth cement are the dominant cement types in all sandstone samples.  The 
dominant allochem types in Torosa 1 and Torosa 4 are molluscs at around 50% of 
the total allochems counted, followed by brachiopods at about 13% in each well.  
Ooids made up about 25% of the allochems counted in Torosa 4, whereas in Torosa 
1 it was less than 5% at sampled intervals.   
The point count-derived percentages of porosity and mean grain size (MGS) for 
siliciclastic samples in Torosa 1 and Torosa 4 are shown in Figure 25.  Porosity 
ranges from zero to about 27% and mean grain size ranges from 0.06 mm (4.06 Φ) 
in sample 4252.81m (T4) to 0.73 mm (0.45 Φ) in sample 4375.71m (T1).  The low 
correlation between grain size and porosity (r = -0.103) suggests that factors other 
than grain size, such as the degree of cementation, control porosity.   
 
 
Figure 24:  Point count percentages of all porosity versus mean grain size for sandstones of 
Torosa 1 and Torosa 4,   r = -0.103 
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Hypothesis 6 proposed that carbonate cements were produced by alkaline 
diagenetic fluids derived from weathering volcaniclastic sediments (Morad and De 
Ros, 1994).  This can be refuted because no volcanic rock fragments were identified 
in the thin sections from Torosa 1 or Torosa 4.  Nor was there a sufficient quantity of 
authigenic clay minerals together with the calcite cement to infer volcanic matter 
was a significant source of calcite (Walderhaug and Bjørkum, 1998).       
9.1 Early Marine Cement 
Hypothesis 1 stated that carbonate cements were a product of early marine 
diagenesis, therefore controlled by depositional environment, which was the source 
of carbonate for cement.  The more allochems there are the more proximal to the 
marine carbonate source therefore greater potential for cement.  Dissolution of 
allochems may move into underlying sandstones but there is a strong relationship 
between meteoric cement occurring in down-dip marine sediments from the 
dissolution of marine allochems and cements up-dip during parasequence or more 
low-stands (Moore, 2001).  Fibrous isopachous cements occur in samples from both 
wells and indicate placement of early marine cements, but they are not as common 
as blocky (drusy) calcite spar cements more typically found in meteoric and deeper 
burial environments (Figure 7, Figure 16 E – F, G).  Much of the calcite cement was 
precipitated relatively early, before significant compaction occurred.  Most of the 
fibrous cements appear to be overprinted by blocky calcite suggesting 
recrystallisation in a meteoric environment.   
Three Torosa 1 samples showed petrographic evidence of isopachous cements 
(4349.04 m, 4352.16 m, and 4378.78 m) and also have stable isotope values at the 
lower end of the Early Jurassic seawater carbonate range (Figure 24), so have 
retained their seawater isotope values even after limited meteoric overprint (Figure 
26).  There were no isotope values from Torosa 4 samples representative of Early 
Jurassic seawater carbonate, e.g. δ18O = ~-1 to -3; δ13C = ~1.5 to 4.5, (Prokoph et 
al., 2008) (Table 5).  
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Calcite cement volume from point counting was compared to depositional 
environment interpretation shown on Woodside down hole logs.  Of the three 
interpretation columns printed on the log the Petrel version was used.  The logged 
depositional interpretations were grouped into categories of ‘marine’, ‘transitional’ 
and ‘non-marine’ based on the major environmental influence.  That is:  mostly 
seawater, mixture of seawater and fresh water, and fresh water.  The marine 
category encompassed: off-shore transitional, lower shoreface, middle shoreface, 
upper shoreface, sub-tidal, mouth bar, tidal bar, and tidal bar oolitic.  Transitional 
categories were: tidal channel, tidal channel oolitic, and lagoon.  There were no non-
marine environments noted on the logs.  The plots below (Figure 27) show each 
sample from Torosa 1 and Torosa 4 in their depositional environment categories 
plotted against the percentage of calcite cement as rock volume. 
 
   
Figure 25: [A] – Fibrous Isopachous Rim Cement surrounding allochem fragments in sample 
4378.78 m, Torosa 1. [B] – Bladed isopachous rim cement on allochem fragments (arrow) 
with a blocky calcite infill, sample 4352.16 m, Torosa 1.  Initial isopachous marine cement is 
apparent following subsequent overprinting by blocky meteoric cements. 
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These figures show little correlation between calcite cement percentage and the 
logged depositional environment, at this scale of resolution (Torosa1, r = 0.176; 
Torosa 4, r = 0.127), however, fully non-marine sandstones were not well sampled.  
Hence, as most samples are marine or transitional, they are both likely to all have 
been impacted by seawater alkalinity sources and allochems.  The sample set was 
not chosen at random so any statistical analysis will be biased towards carbonate-
rich samples as many non-marine facies were not sampled. 
 
 
Figure 26: Depositional Environment vs. Calcite Cement Volume, Torosa 1 and Torosa 4. 
 Torosa 1 r=0.176, Torosa 4 r= 0.127. 
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Comparison of calcite cement and allochems showed a positive correlation between 
allochems (biogenic carbonate) and carbonate cement. This result is consistent with 
allochems being major contributors to calcium carbonate cements in most shallow 
marine sandstones (Walderhaug and Bjørkum, 1998).  Allochems from Torosa 1 
and Torosa 4 cores strongly indicate a marine setting supported by the presence of 
exclusively marine organisms such as brachiopods, echinoderms, and corals.   
Volume of calcite cement correlates with allochem occurrence (Figure 28), which is 
directly related to depositional environment.  A proportion of the points for both wells 
are clustered near the origin (0,0) then fan out from the origin showing a correlation 
between the amount of allochems present and the volume of calcite cement formed 
in a given sample.  The mean ratio of allochems to cement in Torosa 1 is about 
1.6:1, whereas the mean ratio of allochems to cement in Torosa 4 is about 2.5:1.  
Therefore the volume of allochems present for a given volume of calcite cement 
appears higher in Torosa 4 than Torosa 1.  Regardless, these results support 
Hypothesis 1 that cement is controlled by early processes associated with a marine 
depositional setting. 
The incidence of porosity in samples relative to calcite cement plots similarly in 
Figure 29.  Where calcite cement is at or just below 10% the porosity is as high as 
18%, but where calcite cement rises to greater than 10%, porosity drops 
considerably.  Most samples with greater than 10% calcite cement have porosity 
values of 5% or less.   
A paragenetic sequence of diagenetic events is shown in Table 6.  This was derived 
from testing of the hypotheses and illustrates a generalised view of the diagenetic 
processes that occurred during the formation of rocks studied in Torosa 1 and 
Torosa 4. 
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Table 6:  Paragenetic Sequence 
PARAGENETIC SEQUENCE Early                                                         Late 
Marine Cement - --------- - -  
Meteoric Calcite Cement                 - -------------- -                          
Euhedral Pyrite                 - - ----- 
Compaction                        - --------------------- - -  
Quartz Overgrowth                                  - ----------------- - - - - - - - - - - ---- 
Authigenic Kaolinite                                             - ---------- -  
Grain Contact Dissolution                          calcite - --------- -           - ----- - quartz 
Late Burial Calcite                                                                   - - - - - 
Authigenic Dolomite                                                                           ---- 
 
Early marine cements occur in uncompacted sediments as radially fibrous 
isopachous cements on allochems indicative of marine environment (Figure 16, E).  
Intraclasts of marine-cemented rocks are present also indicating very early 
cementation.  Meteoric calcite cement is present in uncompacted rocks precipitated 
at low formation temperatures on the basis of stable isotopes (Figure 33).  At this 
point a small amount of euhedral pyrite formed just prior to and during the carbonate 
cement phases.  Following initial carbonate cement phases, compaction occurred as 
burial depth and formation temperatures increased resulting in precipitation of quartz 
overgrowth cement.   
A second phase of calcite cementation occurred following quartz cementation in 
more compacted rocks.  As pressure increased with burial depth, grain contact 
dissolution occurred, first in calcite cemented rocks, then later from quartz grains 
and quartz overgrowth cement and some samples became very compacted by 
pressure solution with stylolite formation and sutured grain boundaries.  
A small volume of dolomite precipitated, presumably following a late burial calcite 
phase, but some quartz overgrowth cements post-dated the dolomite. Examples of 
paragenetic sequence evidence are shown below in Table 7. 
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Some examples of similarly occurring diagenetic relationships were found in papers 
by authors such as Helmold and van de Kamp (1984), Morad (1998), Molenaar 
(1998), and dos Anjos et al. (2000), and they are discussed below. 
As in this study, Helmold and van de Kamp (1984) observed syndepositional to early 
pyrite formation associated with the replacement of organic material and fossil 
carbonates, dissolution of heavy minerals and feldspars.  Volumetrically important 
diagenetic processes, similar to those in this study, were observed by Morad (1998) 
as occurring under early near-surface and eogenetic conditions, such as inhibition of 
sandstone compaction evidenced by slightly or undeformed ductile micas, kaolinite 
replacement of feldspar, and in some instances high intergranular volume (IGV) of 
calcite cemented sediments.  Molenaar (1998) described isopachous calcite fringe 
cements nucleating on allochems (calcite) and quartz grains, formed by phreatic 
precipitation.  Additionally, the oxygen and carbon stable isotopic compositions of 
bulk calcite samples of Molenaar (1998) shows a mean δ13C of 0‰ and a mean 
δ18O of 8.7‰ which is very similar to results shown in Figure 24 indicating similar 
physical and chemical conditions during replacement of early carbonate cement by 
late meteoric calcite precipitation.   
Similarly, dos Anjos et al. (2000), described Lower Cretaceous carbonate-cemented 
sandstones with traits analogous to this study including: reservoir quality controlled 
by carbonate cementation and compaction, precipitation temperatures of less than 
60°C based on an assumed δ18O value of -3‰ and a palaeolatitude of -10°S, 
carbonate derived from oxidation and methanogenic fermentation of organic matter 
as a partial source of dissolved HCO3
-  (e.g. samples  from Torosa 1 4322.42 m and 
4322.60 m), both compaction and cementation were of similar importance in 
porosity destruction although skewed towards mechanical compaction, the range of 
δ13C values (-5 to 5‰) indicate dissolution and reprecipitation of calcite cements, 
and sandstones flushed by telogenetic meteoric waters. 
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Table 7:  Examples of Paragenetic Sequence Evidence 
 
(A) Meteoric Cement 
T4 4333.95 m:  This shows calcite cement 
preceded quartz overgrowths because the quartz 
grains in the calcite have no quartz overgrowths. 
 
(B) Marine Cement Preceding Meteoric Cement 
T1 4352.16 m:  Clearly shows isopachous marine 
cement (arrow) precipitated on clasts followed by 
blocky meteoric calcite cement infill. 
 
(C) Euhedral Pyrite 
T4 4253.58 m: Shows euhedral pyrite crystals 
formed before poikilotopic and blocky calcite 
precipitation. 
 
(D) Late Calcite Cement Phase 
T1 4370.85 m: This shows some calcite cement 
precipitated after quartz overgrowth cements 
were emplaced showing that there was a later 
calcite cement phase.   
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Figure 28: Point count percentages of calcite cement versus all porosity for sandstones of 
Torosa 1 and Torosa 4.    r = 0.525  
0
10
20
30
40
50
0 5 10 15 20 25 30
C
a
lc
it
e
 C
e
m
e
n
t 
%
Porosity %
Pointcount Percentages of Calcite Cement and Porosity 
(Sandstones)  
Torosa 1 Torosa 4
 
Figure 27: Positive correlation of calcite cement vs. allochem % in sandstones of Torosa 
1 and Torosa 4, r = 0.533. 
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The abundance of allochems present relative to primary porosity is plotted in Figure 
30.  The point counting percentages in this plot suggest that the higher the incidence 
of allochems the greater the inhibition of porosity preservation to the point of 
exclusion of all useful porosity once allochem content exceeds about 4% in Torosa 
1, and 16% in Torosa 4.   
For both wells there appears to be a negative correlation between the volume of 
allochems and the loss of porosity (-0.373).  Allochem percentage in both wells is 
below 7% for all samples with more than 10% porosity and all samples with >16% 
allochems have porosity below 6% percentage.   
 
 
A ternary plot of point counted percentages of porosity, allochems, and calcite 
cement in siliciclastic samples of Torosa 1 and Torosa 4, normalised to 100%, is 
shown in Figure 31.  With relation to porosity there appears to be two data 
groupings on this plot: those with a normalised porosity of greater than 45%; and 
those with normalised porosity of less than 25 %.  All but one of the Torosa 4 points 
 
Figure 29:  Point count percentages of allochems versus total porosity for sandstones of 
Torosa 1 and Torosa 4.   r = -0.373 
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are in the <25% group.  Where it appears that normalised porosity is >45% the 
allochem and calcite cement percentages are below 50%.  Both allochems and 
calcite cement percentages are moderate to very high where normalised porosity is 
<25%. 
Although a broad ‘marine’ versus ‘transitional’ environmental classification does not 
relate well to carbonate cement volumes, there is a clear correlation between marine 
allochem abundance and carbonate cement. Thus a role for depositional 
environment and early diagenesis (Hypothesis 1) as a predictor for carbonate 
cement in these samples is supported.  Further support of early diagenesis of calcite 
cement formation sourced from marine allochems is that early cementation prevents 
compaction at depth.  This can be seen in effect as an influence on the amount of 
mechanical compaction in Figure 23.  The inference is that the higher the 
percentage of allochems (hence calcite cement) in a sample the lower the reduction 
of porosity due to compaction in favour of cementation.  In addition, Figure 22 shows 
 
 
Figure 30:  Ternary Plot of Point Counting Percentages of Porosity, Allochems, and Calcite 
Cement for siliciclastic samples from Torosa 1 (white triangles) and Torosa 4 (black triangles), 
normalised to 100%. 
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that in the majority of samples the proximity of grains is relatively low suggesting 
early cementation resulted in resistance to compaction. 
9.2 Cement Precipitation in Meteoric Groundwater 
In the majority of samples the most prevalent cement texture present was blocky or 
equant carbonate cement.  Further examples of poikilotopic calcite cement, which 
may reflect meteoric or burial diagenesis, and blocky calcite cement textures are 
shown below in Figure 31. 
 
  
  
Figure 31:  [A – B]  Poikilotopic cement (PC1, PC2, PC3) surrounding quartz grains.  P – 
porosity, O – organic matter, Qo – quartz overgrowth cement.  Note the difference in 
extinction between the two main cement crystals PC1 and PC2. Torosa 4, 4333.95 m.  [C – 
D]  Blocky calcite (B) infilling between allochems, M – mollusc, C – crinoid, G - gastropod.  
Torosa 4, 4260.88 m.  The left side photomicrographs are plain light, and the right side are 
polarised light of the same FOV. 
A 
 
 
 
 
 
B 
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The allochem across the centre of images C – D is a mollusc fragment above which 
is bladed cement passing into a blocky meteoric calcite cement below.  A moderate 
to coarse blocky calcite cement mosaic typical of both meteoric and subsurface 
burial environment dominates the interstitial spaces.  
 Numerous calcite cement-rich samples in this study clearly had early marine 
cements overprinted by meteoric cements based on petrography.  Further evidence 
of an early cementation environment is visible in compaction data where it is shown 
that most of the calcite cements are in relatively uncompacted sediments (Figure 
19).   
Most of the Torosa 1 stable isotope data (except for two samples) support very 
minor meteoric diagenesis, with the Torosa 4 data suggesting more intense 
meteoric diagenesis and or greater water-rock interaction (i.e., lighter oxygen 
values).  A good example are the poikilotopic nodules in Torosa 4 at 4333.95m 
which, based on packing data, were cemented early in the sub-surface, but have 
among the most evolved water evident in the well by being the furthest from 
Jurassic seawater carbonate and are interpreted as meteoric.  The source for the 
calcite precipitate in the nodules is likely to be from nearby allochems although there 
is no petrographic evidence of etched allochems to support this assumption. The 
only outlying samples are from Torosa 1 (4322.42m and 4322.60m) which have very 
light carbon values, potentially because they occur in association with organic-rich 
muds and oxidised organic matter that may have been emplaced into the cement. 
The most abundant calcite cements have been interpreted as being primarily of 
early marine and meteoric origin as they occur mostly in relatively uncompacted 
sediments and exhibit a typical meteoric structure (i.e. bladed, blocky, poikilotopic) 
in some cases overprinting radially fibrous isopachous cements.  The precipitation 
temperature of the cements was calculated to test this interpretation, as cements 
with similar morphology to meteoric cements may precipitate during deeper late 
burial at relatively high temperatures (Makowitz et al., 2006).  The following formula 
was derived from that of O’Neil et al. (1969) by Hays and Grossman (1991):  
                  T°C = 15.7 – 4.36 (δ
18OCL – δ
18OW) + 0.12 (δ
18OCL – δ
18OW)
2               (3) 
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 where: δ18OCL are oxygen isotope composition (PBD),  δ
18OW are water 
 (SMOW).  
Precipitation of meteoric cements should occur at relatively cool surface to shallow 
burial temperatures.  As isotope values for the original pore fluids are unknown, two 
different reasonable pore fluid δ18O values were used to calculate the precipitation 
temperatures. The values are: -1 δ18O SMOW, which is close to that previously 
interpreted for Jurassic seawater (Shackleton and Kennett, 1975), and -5‰ δ18O for 
meteoric water values typical of coastal regions at a palaeolatitude of about -35ºS 
based on the data of Hays and Grossman (1991).   These values are reasonable for 
this study because there is petrographic evidence of initial marine cements 
overprinted by meteoric fabrics.  Figure 32 shows the estimation of the 
palaeotemperatures of meteoric cement precipitation (A), and plotted against 
sample depth (B).   
 
 
Figure 32:  Meteoric Cement Palaeotemperature.   (A) The solid points are 
palaeotemperatures calculated using  a SMOW average of -5 δ18O from Hays and Grossman 
(1991), and the open points denote palaeotemperatures approximating Jurassic seawater 
carbonate of -1 δ18O from Shackleton and Kennett,(1975).  (B) Palaeotemperature compared 
to sample depth. 
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Three of the Torosa 1 samples appear to have low temperatures of precipitation that 
are only reasonable if the original water was close to seawater in isotopic values, in 
which case the temperatures would be typical surface water temperatures of 15-
20°C (Jurassic).  This suggests that the samples retained very nearly their original 
marine isotopic values despite some obvious meteoric overprint.  A similar 
interpretation was made by Molenaar (1988) for calcite cements with similar isotopic 
values.  Original marine calcitic allochems, such as brachiopods, may have 
contributed significantly to these values as they could not be separated completely 
from cement in the bulk rock analyses.  The remaining samples, with three 
exceptions, also plot at surface and shallow burial temperatures (~15-30ºC) when 
typical meteoric water values were used.  Even the warmest three samples suggest 
temperatures below 45ºC when using meteoric water values and most samples 
would have precipitated at temperatures below 55ºC even if the pore fluid had been 
seawater.  In no case were the C isotopes so depleted in 13C as to suggest 
introduction of C into the cements from the oxidation or decarboxylisation of organic 
matter at higher burial temperatures (Land, 1984) although two of the samples with 
the most depleted C isotopes (T1 4322.42 and T1 4326.6) have the highest 
formation temperatures based on δ18O.  As previously mentioned, those samples 
consist of bioturbated muddy sandstones with relatively high organic matter 
contents.  Regardless, none of the bulk stable isotope samples are consistent with 
precipitation at high, deeper burial temperatures, provided initial fluid sources were 
not significantly 18O enriched. Hence, the data are most consistent with precipitation 
in shallow burial or surface settings, consistent with their lack of compaction and 
their meteoric/marine petrographic characteristics.  
Of the six major hypotheses about the controls of carbonate cements in these wells 
that were tested, Hypotheses 5 and 6 were relatively easily refuted and are 
discussed here together.  Aside from compaction evidence suggesting that the 
cements were mostly emplaced prior to significant burial, below a burial depth of 
~1600 metres calcite precipitation decreases and dolomite becomes the dominant 
carbonate cement (Longstaffe et al., 2003). Therefore, hypothesis 5, that 
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cementation is related to deep basinal fluid migration, is countered on the basis that 
dolomite and ankerite make up very small percentages of the cement based on 
point counting and XRD analysis.  Torosa 1 had 20 samples containing dolomite 
ranging from 0.3% to 9.6%.  The eight Torosa 4 samples that contained dolomite 
ranged from 0.3% to 3.0%.   
Stable isotope data also suggest that most carbonate cements did not precipitate 
during deep burial. Most of the Torosa 1 samples plot near Early to Middle Jurassic 
seawater carbonate values, but the two samples from organic-rich muds plot with 
more depleted O and C.  While these data may reflect greater temperatures of 
precipitating fluid, they also may reflect oxidation of organic matter at shallower 
depths.  All of the Torosa 4 samples plotted with lighter O and C, consistent with 
varying degrees of meteoric process, not with deep burial. 
The relationship between the positions of the samples in the wells relative to the 
plotted surfaces on the well logs compared to the calcite cement content is shown 
below in Figure 33.  
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Surfaces identified on the logs include: flooding surfaces; transgressive surfaces; 
glossifungites surfaces; and regressive surfaces.  There is no apparent pattern 
showing samples within five metres above depositional surfaces having any more or 
less calcite cement than those below.  This result does not support hypothesis 2, 
which proposed that cements had originated from groundwater migrating from karst 
environments up-dip.  However, most of the surfaces are not identifiably karstic. 
Although data suggest that carbonate cements are not concentrated at particular 
 
 
Figure 33: Relationship between logged depositional surfaces and calcite cement 
occurrence within and below five metres of surfaces.  Sample points within 5 m below a 
depositional surface are shaded, and samples >5m below surfaces are unshaded circles. 
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surfaces, cement morphology and stable isotopes support hypotheses 2 as far as 
relating cement to meteoric sources. 
9.3 Carbonate Dissolution / Precipitation During Burial Diagenesis 
Most of the carbonate cements have been shown to have precipitated relatively 
early, before significant compaction so late burial diagenesis is unlikely.  Hypothesis 
3 can be refuted on the grounds that there is little feldspar, altered or otherwise, in 
any of the samples.  What little that does occur does not correlate positively with 
calcite cement (Figure 34).    It has been noted by other workers that feldspar may 
go through extensive dissolution during burial diagenesis through interaction with 
weakly acidic pore fluids created by decomposition of organic matter (Millikan, 1989; 
Sanyal et al., 2005). 
 
Cementation is more easily explained as occurring early as marine cement, and 
then being influenced by meteoric waters, or being cemented by redistribution of 
dissolved allochem carbonate in meteoric waters during shallow burial.  The stable 
isotopes are mostly not sufficiently evolved to suggest deep burial processes and 
many of the samples show clear textural overprinting of early marine cements. 
 
Figure 34: Feldspar and calcite cement percentages from point counting showing no 
positive correlation between feldspar and calcite cement (r = -0.163) 
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9.4 Sulphate Reduction / Organic matter Oxidation 
The premise of hypothesis 4 was that calcite cementation was related to nearby 
fine-grained sediments and was caused by sulphate reduction by bacteria in anoxic 
organic-rich sediments.  Sulphate reduction produces pyrite, while driving up 
alkalinity (Castanier et al., 1999).  For the majority of cements this hypothesis was 
refuted by the lack of correlation between pyrite content and calcite cement (Figure 
35).  However, the very light carbon isotope values in the two organic mud-rich 
Torosa 1 samples (4322.42m, 4322.60m) are consistent with at least some cement 
having been formed in this way during shallow burial.  Isotopic evidence (Table 4) 
shows that they contain the lightest carbon of all measured cements (δ13C = -7.17, -
8.35) and plotted clearly as outliers in Figure 24, similarities are discussed 
previously on the comparison of results from dos Anjos (2000), Molenaar (1998).  
Minor pyrite was indicated in T1 4322.42m, but not in T1 4322.60m, but pyrite may 
not form where H2S is able to suffuse from the site of sulphate reduction (Castanier 
et al., 1999).  The vast majority of samples cannot be specifically related to sulphate 
reduction. 
 
 
 
Figure 35: Point count percentages of calcite cement and pyrite (r = -0.017) 
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10 Conclusions 
Based on the hypotheses tested above, the major initial source of calcite cement in 
Torosa 1 and Torosa 4 wells is early shallow marine allochems (hypothesis 1), but  
in most cases it has been redistributed as subsequent meteoric calcite cements by 
the influx of meteoric waters, thus overprinting original shallow marine isopachous 
cement phases (hypothesis 2). 
Several calcite cement types were identified including: fibrous isopachous, bladed 
isopachous, blocky calcite spar, poikilotopic calcite, microspar, and bladed calcite 
spar, with a greater variety of cements in Torosa 1 samples.   
Isopachous fibrous cements are a product of early diagenesis controlled by the 
depositional environment and are a source of carbonate for subsequent blocky 
cement.  Both Torosa 1 and Torosa 4 have numerous examples of overprinted 
isopachous cements.  Blocky and sparry calcite cements, indicative of meteoric 
environments on the basis of stable isotope values and palaeotemperature 
assessment, overprinted the initial shallow marine cement phase in all cases and 
meteoric cements dominate most cements.  So, although individual karst surfaces 
were not identified as specific sources of carbonate, (hypothesis 2) seaward 
migration of meteoric water was a major contributor to diagenesis in these samples.  
Hence, the proximity to initial marine carbonate sources and subsequent meteoric 
diagenesis in pericoastal settings controlled most of the calcite cement distribution in 
these rocks. 
Cementation in Torosa 4 had a greater marine influence than in Torosa 1 on the 
basis that Torosa 4 contains more limestone than Torosa 4 in the target interval.  
That suggests that Torosa 4 has the greater potential for calcite cementation in 
general.  However, where fluvial sands occur in either well, they may be better 
potential reservoir targets.  
Dolomite makes up only a very small percentage of cement based on point counting 
and XRD.  The relatively low compaction of calcite-cemented sandstones and the 
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stable isotope data suggest that hypothesis 5 (deep burial cementation) was not a 
factor.  Nor was hypothesis 6 (alkalinity from subsurface weathering of volcaniclastic 
sediments and volcanic rocks), as there were no volcanic rock fragments identified 
or sufficient authigenic clay content to infer volcanic matter as a source of calcite. 
Very little feldspar is present, altered, or otherwise, and only in minor amounts in 
some samples.  Even so, it does not correlate with calcite cement.  Hence, 
hypothesis 3 (increased alkalinity from feldspar dissolution) is not supported.  
Similarly, hypothesis 4 (increased alkalinity from bacterial sulphate reduction in 
organic–rich fine sediments) was refuted as a major cement source due to a lack of 
correlation between pyrite content and calcite cement. However, limited calcite 
cement may have formed that way in Torosa 1. 
The only definable and significant source of diagenetic marine calcite cement in this 
study appears to originate from the nearby dissolution of biogenic sources 
(allochems) or early marine cements. Hence, proximity to such sources poses a risk 
for reservoir quality. 
Further study research and investigation of the Torosa Field may include 
lithostratigraphic correlation across Scott Reef to determine the extent of facies 
zones and depositional boundaries which may be beneficial in locating potential 
reservoir targets.  The palaeogeography and sequence stratigraphy may aid 
prediction of which sand zones are most likely affected by proximity to marine 
carbonate. 
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11 Glossary 
Alveolar – honeycomb weathering; small cavities or pits. 
Crystallaria – soil features consisting of single crystals or arrangement of crystals 
that form cohesive masses whose shape and internal fabric are consistent with 
original voids in the enclosing soil, e.g. spherulites, rosettes, crystal tubes (Bates 
and Jackson, 1987):  a calcrete feature originating from a redistribution of calcium 
carbonate along thin fractures. 
13C – per mil difference between 13C/12C of a sample and that of a standard.  If 12C 
> standard then 13C is negative and when sample is enriched in 13C then the 13C 
value is positive (see PDB below). 
18O – per mil difference between 18O/16O of a sample, and that of a standard called 
Vienna SMOW (Standard Mean Ocean Water) defined by the International Atomic 
Energy Agency. 
Eogenetic – diagenetically immature; the period of time between final deposition of a 
sediment and burial of that sediment below the depth to which surface or near-
surface processes are effective.  The upper limit of eogenetic zone is the land 
surface (Bates and Jackson, 1987). 
Idiomorphic – well formed crystal faces (euhedral, automorphic). 
Mesogenetic – the period of time between eogenetic (newly buried deposits) and 
telogenetic (erosional interface of long-buried deposits) (Bates and Jackson, 1987). 
Micritic – microcrystalline matrix, usually less than 5 μm in diameter. 
mM – surface seawater chloride concentration. 
PCO2  – the calcite saturation index, or the partial pressure of carbon dioxide in water 
in equilibrium with the atmosphere, 10-3.5. 
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PDB – (University of Chicago) standard used for 13C fractionation ratios and to 
express isotopic composition of carbon in carbonates.  Prepared using carbon 
dioxide from belemnites (Belemnitella americana) from the Peedee Formation, 
South Carolina, USA. 
‰ – parts per thousand 
Rhizoconcretion – a small concretionary structure in sedimentary rock, cylindrical or 
conical, usually branched or forked, resembling a plant root.  It may consist of 
caliche or chert: rhizocretion, pedotubule. 
Rhizocretion – a hollow concretion-like mass that has formed around the root of a 
living plant (Bates and Jackson, 1987). 
Stoichiometric – relating to stoichiometry:  Calculation of the quantities of reactants 
and products in a chemical reaction; the quantitative relationship between reactants 
and products in a chemical reaction. 
Telogenetic – diagenetically mature; the period during which long-buried carbonate 
rocks are affected significantly by processes related to weathering, subaerial and 
subaqueous erosion, and porosity development (Bates and Jackson, 1987). 
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Thin Section Descriptions and Photomicrographs 
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Left: Plain polarised light,                                   FOV = 3.56 mm Right:  Crossed polarised light 
  
Sample Depth (m): 4302.41 Well: Torosa 1 
Rock Classn (Folk, Mount)  Quartzarenite           Q: 98.8, F: 0, L: 1.2 ( %) 
Q: 80.4, F: 0, R: 0.3 
 
Texture  Anhedral to Subhedral 
 Sorting (Phi Φ)  Moderate to well 
Grain size  (Wentworth )  Medium to fine 
Roundness  Sub-angular to rounded 
Crystalline Fabric   
Packing/Grain contacts (Young)  Tangential, point contact, concavo-convex 
Pore Types  Primary intergranular 
Quartz  Monocrystalline., Polycrystalline 
Feldspar   
Rock Fragments   
Heavy Minerals   
Opaques  Trace organics 
Allochems/Bioclasts   
Micas   
Clays   
Matrix/Cement  Quartz overgrowth 
Authigenic minerals   
LOG DATA   
Calcimetry/Permeability 
(K)/Permeability (K) 
 Nil, excellent K 
Depo. Enviro. (Firmg’d, Petrel)  Upper shoreface 
   
Comments/Notes   
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Left: Plain polarised light,                                    FOV = 7.3 mm Right:  Crossed polarised light 
  
Sample Depth (m): 4303.98 Well: Torosa 1 
Rock Classn (Folk, Mount)  Quartzarenite            Q: 95.5, F: 0, L: 4.5 (%) 
Texture  Anhedral 
 Sorting (Phi Φ)  Moderate 
Grain size  (Wentworth )  Medium to fine 
Roundness  Angular to sub-rounded 
Crystalline Fabric   
Packing/Grain contacts (Young)  Point contact, tangential 
Pore Types  Primary interparticle 
Quartz  Monocrystalline., Polycrystalline. 
Feldspar   
Rock Fragments   
Heavy Minerals   
Opaques  Stylolite veins, trace organics 
Allochems/Bioclasts   
Micas   
Clays   
Matrix/Cement  Qtz overgrowth 
Authigenic minerals   
LOG DATA   
Calcimetry/Permeability 
(K)/Permeability (K) 
 Nil, good K 
Depo. Enviro. (Firmg’d, Petrel)  Upper shoreface 
   
Comments/Notes   
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Left: Plain polarised light,                                    FOV = 7.3 mm Right:  Crossed polarised light 
  
Sample Depth (m): 4306.37 Well: Torosa 1 
Rock Classn (Folk, Mount)  Quartzarenite            Q: 97.3, F: 0, L: 2.7 (%) 
Texture  Sub-hedral 
 Sorting (Phi Φ)  Coarse to fine 
Grain size  (Wentworth )  Moderate 
Roundness  Angular to sub-rounded 
Crystalline Fabric   
Packing/Grain contacts (Young)  Point contact, tangential 
Pore Types  Primary intergranular 
Quartz  Monocrystalline. Polycrystalline 
Feldspar   
Rock Fragments   
Heavy Minerals   
Opaques  Trace organics 
Allochems/Bioclasts  Nil 
Micas   
Clays   
Matrix/Cement  Qtz overgrowth 
Authigenic minerals   
LOG DATA   
Calcimetry/Permeability 
(K)/Permeability (K) 
 Nil, excellent K 
Depo. Enviro. (Firmg’d, Petrel)  Tidal channel 
Comments/Notes  Compare with next (4306.56) 
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Left: Plain polarised light,                                    FOV = 7.3 mm Right:  Crossed polarised light 
  
Sample Depth (m): 4306.56 Well: Torosa 1 
Rock Classn (Folk, Mount)  Quartzarenite            QFL N/A 
Texture  Anhedral to subhedral 
 Sorting (Phi Φ)  Moderate 
 
Grain size  (Wentworth )  Coarse to very fine 
Roundness  Angular to sub-rounded 
Crystalline Fabric   
Packing/Grain contacts (Young)  Tangential, point contact 
Pore Types  Primary intergranular 
Quartz  Monocrystalline., Polycrystalline.  
Feldspar   
Rock Fragments   
Heavy Minerals   
Opaques  Minor stylolite veins, trace organics 
Allochems/Bioclasts   
Micas   
Clays  Glauconite 
Matrix/Cement  Qtz overgrowth, clays 
Authigenic minerals   
LOG DATA   
Calcimetry/Permeability 
(K)/Permeability (K) 
 Nil, poor K 
Depo. Enviro. (Firmg’d, Petrel)  Lower shoreface 
Comments/Notes  Similar to Torosa 1 4306.37m except log indicates K is much lower.  Compare with Previous (4306.37) 
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Left: Plain polarised light,                                  FOV = 1.44 mm Right:  Crossed polarised light 
  
Sample Depth (m): 4322.42 Well: Torosa 1 
Rock Classn (Folk, Mount)  Quartzwacke            Q: 100, F: 0, L: 0 (%) 
Texture  Subhedral 
 Sorting (Phi Φ)  Well 
Grain size  (Wentworth )  Medium to very fine 
Roundness  Very angular to angular 
Crystalline Fabric   
Packing/Grain contacts (Young)  Floating, point contact 
Pore Types  Nil 
Quartz  Monocrystalline, Polycrystalline 
Feldspar   
Rock Fragments   
Heavy Minerals   
Opaques  Irregular and intergranular stylolites 
Allochems/Bioclasts   
Micas  Trace muscovite 
Clays   
Matrix/Cement  calcite 
Authigenic minerals   
LOG DATA   
Calcimetry/Permeability 
(K)/Permeability (K) 
 Well, moderate K 
Depo. Enviro. (Firmg’d, Petrel)  Offshore transition 
Comments/Notes  Compare to next (4322.60) for difference in calcimetry. 
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Left: Plain polarised light,                                  FOV = 3.65 mm Right:  Crossed polarised light 
  
Sample Depth (m): 4322.60 Well: Torosa 1 
Rock Classn (Folk, Mount)  Quartzwacke          Q: 100, F: 0, L: 0 (%) 
Texture  Subhedral 
 Sorting (Phi Φ)  Moderate to well 
Grain size  (Wentworth )  fine to very fine 
Roundness  Angular 
Crystalline Fabric   
Packing/Grain contacts (Young)  Sutured, point contact 
Pore Types  Nil 
Quartz  Monocrystalline.  
Feldspar   
Rock Fragments   
Heavy Minerals   
Opaques  Irregular stylolites, trace organics 
Allochems/Bioclasts   
Micas   
Clays   
Matrix/Cement  Quartz overgrowth 
Authigenic minerals   
LOG DATA   
Calcimetry/Permeability 
(K)/Permeability (K) 
 Nil, poor K 
Depo. Enviro. (Firmg’d, Petrel)  Offshore transition 
Comments/Notes  Similar to Torosa 1 4322.42m except K is lower 
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Left: Plain polarised light,                                   FOV = 3.65mm Right:  Crossed polarised light 
  
Sample Depth (m): 4324.98 Well: Torosa 1 
Rock Classn (Folk, Mount)  Quartzarenite            QFL N/A 
Texture  Anhedral 
 Sorting (Phi Φ)  Well 
Grain size  (Wentworth )  very fine to medium  
Roundness  Angular 
Crystalline Fabric   
Packing/Grain contacts (Young)  Point contact, tangential 
Pore Types  Primary intergranular, fracture 
Quartz  Monocrystalline 
Feldspar   
Rock Fragments   
Heavy Minerals   
Opaques  Some organics 
Allochems/Bioclasts   
Micas   
Clays   
Matrix/Cement  Quartz 
Authigenic minerals   
LOG DATA   
Calcimetry/Permeability 
(K)/Permeability (K) 
 Nil, poor K 
Depo. Enviro. (Firmg’d, Petrel)  Offshore transition 
Comments/Notes   
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Left: Plain polarised light,                                  FOV = 1.44 mm Right:  Crossed polarised light 
  
Sample Depth (m): 4326.03 Well: Torosa 1 
Rock Classn (Folk, Mount)  Quartzwacke            Q: 99.1, F: 0, L: 0.9 (%) 
Texture  Anhedral 
 Sorting (Phi Φ)  Well 
Grain size  (Wentworth )  Fine to silt 
Roundness  Very angular to angular 
Crystalline Fabric   
Packing/Grain contacts (Young)  Tangential, sutured 
Pore Types  Nil 
Quartz  Monocrystalline 
Feldspar   
Rock Fragments   
Heavy Minerals   
Opaques  Anastomosing stylolites, some organics 
Allochems/Bioclasts   
Micas  Trace muscovite 
Clays   
Matrix/Cement   
Authigenic minerals   
LOG DATA   
Calcimetry/Permeability 
(K)/Permeability (K) 
 Very poor, poor K 
Depo. Enviro. (Firmg’d, Petrel)  Offshore transition, lower shoreface  
Comments/Notes  Similar to Torosa 1 4326.60 except calcimetry is lower.  Compare to 4326.60 for difference in  
 
 
calcimetry. 
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Left: Plain polarised light,                                 FOV = 1.44 mm Right:  Crossed polarised light 
  
Sample Depth (m): 4326.60 Well: Torosa 1 
Rock Classn (Folk, Mount)  Allochemic Quartzwacke           Q: 95.3, F: 0, L: 4.7 (%) 
Texture   
 Sorting (Phi Φ)  Moderate to well 
Grain size  (Wentworth )  Fine to silt 
Roundness  Very angular 
Crystalline Fabric   
Packing/Grain contacts (Young)  Point contact, and no contact 
Pore Types  Nil 
Quartz  Monocrystalline 
Feldspar   
Rock Fragments   
Heavy Minerals   
Opaques  Anastomosed stylolites 
Allochems/Bioclasts   
Micas  Muscovite 
Clays   
Matrix/Cement  Calcite 
Authigenic minerals   
LOG DATA   
Calcimetry/Permeability 
(K)/Permeability (K) 
 Well, poor K 
Depo. Enviro. (Firmg’d, Petrel)  Offshore transition 
Comments/Notes  Compare to previous (4326.03) for difference in calcimetry. 
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Left: Plain polarised light,                                  FOV = 3.65 mm Right:  Crossed polarised light 
  
Sample Depth (m): 4326.90 Well: Torosa 1 
Rock Classn (Folk, Mount)  Quartzwacke            QFL N/A 
Texture   
 Sorting (Phi Φ)  Moderate to well 
Grain size  (Wentworth )  Fine to silt 
Roundness  Angular to sub-rounded 
Crystalline Fabric   
Packing/Grain contacts (Young)  Sutured, tangential 
Pore Types  Primary interparticle 
Quartz  Monocrystalline 
Feldspar   
Rock Fragments   
Heavy Minerals   
Opaques  Stylolites, some organics 
Allochems/Bioclasts   
Micas   
Clays   
Matrix/Cement  Quartz,  
Authigenic minerals   
LOG DATA   
Calcimetry/Permeability 
(K)/Permeability (K) 
 Very low, nil K 
Depo. Enviro. (Firmg’d, Petrel)  Lower shoreface, offshore transition 
Comments/Notes  Compare to previous (4326.60) and 4326.03. 
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Left: Plain polarised light,                                  FOV = 3.65 mm Right:  Crossed polarised light 
  
Sample Depth (m): 4327.98 Well: Torosa 1 
Rock Classn (Folk, Mount)  Calcareous Quartzarenite            Q: 100, F: 0, L: 0 (%) 
Texture   
 Sorting (Phi Φ)  Moderate to well 
Grain size  (Wentworth )  Fine to very fine 
Roundness  Angular to sub-rounded 
Crystalline Fabric   
Packing/Grain contacts (Young)  Sutured, tangential 
Pore Types  Fracture 
Quartz  Polycrystalline. Monocrystalline 
Feldspar   
Rock Fragments   
Heavy Minerals   
Opaques  Stylolites 
Allochems/Bioclasts  Molluscs 
Micas   
Clays   
Matrix/Cement  Calcite 
Authigenic minerals   
LOG DATA   
Calcimetry/Permeability 
(K)/Permeability (K) 
 Well, poor K 
Depo. Enviro. (Firmg’d, Petrel)  Offshore transition 
Comments/Notes  Compare to next (4328.98) for difference in calcimetry and K. 
 
 
 
 
 
107 
 
 
Left: Plain polarised light,                                  FOV = 7.3 mm Right:  Crossed polarised light 
  
Sample Depth (m): 4328.98 Well: Torosa 1 
Rock Classn (Folk, Mount)  Sandy Biosparite             
Texture   
 Sorting (Phi Φ)  Moderate to well 
Grain size  (Wentworth )  Fine to very fine 
Roundness  Angular to sub-rounded 
Crystalline Fabric   
Packing/Grain contacts (Young)  Floating, tangential 
Pore Types  Nil 
Quartz  Polycrystalline, Monocrystalline 
Feldspar   
Rock Fragments   
Heavy Minerals   
Opaques  Stylolites 
Allochems/Bioclasts  Molluscs 
Micas   
Clays   
Matrix/Cement  calcite 
Authigenic minerals   
LOG DATA   
Calcimetry/Permeability 
(K)/Permeability (K) 
  
Depo. Enviro. (Firmg’d, Petrel)   
Comments/Notes  Compare with previous (4327.98) 
 
 
Sample above top of volcanics at 4329.2m 
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Left: Plain polarised light,                                                       FOV = 7.3 mm Right:  Crossed polarised light 
 
 
 
 
Sample Depth (m): 4342.12 Well: Torosa 1 
Rock Classn (Folk, Mount)  Biosparite             
Texture   
 Sorting (Phi Φ)  Very poor 
Grain size  (Wentworth )  Coarse to very fine 
Roundness   
Crystalline Fabric   
Packing/Grain contacts (Young)  Floating 
Pore Types  Nil 
Quartz  Monocrystalline 
Feldspar   
Rock Fragments   
Heavy Minerals   
Opaques  Siderite? 
Allochems/Bioclasts  Gastropods, peloids, other 
Micas   
Clays   
Matrix/Cement   
Authigenic minerals   
LOG DATA   
Calcimetry/Permeability 
(K)/Permeability (K) 
 Very well, nil K 
Depo. Enviro. (Firmg’d, Petrel)  Middle shoreface 
Comments/Notes  Compare to next (4343.17) for difference in calcimetry and K. 
 
 
Sample below overlying volcanics.  Base of volc. at 4341.65m (0.47m). 
Hypothesis Relevance  6 – leaching from overlying volcanics 
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Left: Plain polarised light,                              FOV = 1.44 mm                                   Right: Crossed polarised light 
 
 
Sample Depth (m): 4343.17  Well:    Torosa 1 
Rock Classn (Folk, Mount) Sublitharenite (upper Q: 92.6, F: 2.2, L: 5.2),  
Sandy Allochemic Limestone (lower part of thin section)             
Texture   
 Sorting (Phi Φ) Moderate 
Grain size  (Wentworth ) Fine to very fine 
Roundness Sub-rounded 
Crystalline Fabric   
Packing/Grain contacts (Young) Concavo-convex, point contact 
Pore Types Primary, interparticle 
Quartz   
Feldspar   
Rock Fragments   
Heavy Minerals   
Opaques Organics 
Allochems/Bioclasts Spicule, gastropods, molluscs 
Micas   
Clays   
Matrix/Cement Quartz overgrowth, calcite 
Authigenic minerals   
LOG DATA   
Calcimetry/Permeability (K) Medium, low K 
Depo. Enviro. (Firmg’d, Petrel) Lower shoreface 
Comments/Notes Compare to previous (4342.12) for difference in calcimetry and K 
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Left: Plain polarised light,                               FOV = 1.44 mm                    Right:  Crossed polarised light 
  
Sample Depth (m): 4345.90 Well: Torosa 1 
Rock Classn (Folk, Mount)  Sublitharenite            Q: 93.4, F: 0, L: 6.6 (%) 
Texture   
 Sorting (Phi Φ)  Moderate to moderately well 
Grain size  (Wentworth )  Fine  
Roundness  Angular to sub-rounded 
Crystalline Fabric   
Packing/Grain contacts (Young)  Concavo-convex, tangential  
Pore Types  Primary, interparticle 
Quartz  Monocrystalline 
Feldspar   
Rock Fragments   
Heavy Minerals   
Opaques  Some organics 
Allochems/Bioclasts   
Micas  Muscovite 
Clays   
Matrix/Cement  Clays, calcite, quartz overgrowth 
Authigenic minerals   
LOG DATA   
Calcimetry/Permeability 
(K)/Permeability (K) 
 Medium, poor K 
 
Depo. Enviro. (Firmg’d, Petrel)  Middle shoreface 
Comments/Notes  Compare to next (4347.02) due to same calc/K but different lithology. 
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Left: Plain polarised light,                                    FOV = 3.65mm Right:  Crossed polarised light 
  
Sample Depth (m): 4347.02 Well: Torosa 1 
Rock Classn (Folk, Mount)  Sandy Biosparite 
Texture   
 Sorting (Phi Φ)  Moderate 
Grain size  (Wentworth )  Medium to fine 
Roundness  Sub-angular to rounded 
Crystalline Fabric   
Packing/Grain contacts (Young)  Point contact, floating 
Pore Types   
Quartz   
Feldspar   
Rock Fragments   
Heavy Minerals   
Opaques   
Allochems/Bioclasts  Echinoderm, gastropod, mollusc 
Micas   
Clays   
Matrix/Cement  Clay, calcite 
Authigenic minerals   
LOG DATA   
Calcimetry/Permeability 
(K)/Permeability (K) 
 Medium, poor K 
 
Depo. Enviro. (Firmg’d, Petrel)  Middle shoreface 
Comments/Notes  Compare to previous (4345.90) for difference in lithology but similar calc/K values. 
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Left: Plain polarised light,                                 FOV = 3.65 mm Right:  Crossed polarised light 
 
 
 
 
 
 
Sample Depth (m): 4347.28 Well: Torosa 1 
Rock Classn (Folk, Mount)  Sandy Biosparite             
Texture   
 Sorting (Phi Φ)  Moderate 
Grain size  (Wentworth )  Coarse to fine 
Roundness  Sub-angular to rounded 
Crystalline Fabric   
Packing/Grain contacts (Young)  Floating, point contact 
Pore Types   
Quartz  Monocrystalline 
Opaques  Organics 
Allochems/Bioclasts  Mollusc, gastropod, ooid, brachiopod 
Micas   
Matrix/Cement  Calcite 
Authigenic minerals  Clays, quartz overgrowth 
LOG DATA   
Calcimetry/Permeability 
(K)/Permeability (K) 
 Medium, Poor K 
Depo. Enviro. (Firmg’d, Petrel)  Middle shoreface 
Comments/Notes  Comparison to next (4347.89) similar sorting and calc but higher clay amount  
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Left: Plain polarised light,                                  FOV = 3.65 mm Right:  Crossed polarised light 
 
 
 
 
Sample Depth (m): 4347.89 Well: Torosa 1 
Rock Classn (Folk, Mount)  Sandy Biosparite             
Texture   
 Sorting (Phi Φ)  Moderate to poor 
Grain size  (Wentworth )  Coarse to fine 
Roundness  Sub-angular to rounded 
Crystalline Fabric   
Packing/Grain contacts (Young)  Tangential, sutured 
Pore Types   
Quartz  Monocrystalline, Polycrystalline 
Feldspar   
Rock Fragments   
Heavy Minerals   
Opaques  Trace organics 
Allochems/Bioclasts  Brachiopod, mollusc, echinoderm 
Micas   
Clays   
Matrix/Cement  Calcite 
Authigenic minerals  Clays, quartz overgrowth 
LOG DATA   
Calcimetry/Permeability 
(K)/Permeability (K) 
 Low, poor K 
Depo. Enviro. (Firmg’d, Petrel)  Middle shoreface 
   
Comments/Notes  Drop in calc level from previous (4347.28) same K, less clay. 
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Left: Plain polarised light,                                  FOV = 7.3 mm Right:  Crossed polarised light 
  
Sample Depth (m): 4349.04 Well: Torosa 1 
Rock Classn (Folk, Mount)  Sandy Biosparite            Q: 20.9, F: 0, L: 0 (%) 
Texture   
 Sorting (Phi Φ)  Moderate 
Grain size  (Wentworth )  Coarse to fine 
Roundness  Angular to rounded 
Crystalline Fabric   
Packing/Grain contacts (Young)  Floating, point  
Pore Types  Fracture,  
Quartz  Monocrystalline, Polycrystalline 
Feldspar   
Rock Fragments   
Heavy Minerals   
Opaques  Trace organics 
Allochems/Bioclasts  Mollusc, gastropod, brachiopod,  micritic intraclasts 
Micas   
Clays   
Matrix/Cement  Calcite, quartz overgrowth 
Authigenic minerals  Quartz overgrowth 
LOG DATA   
Calcimetry/Permeability 
(K)/Permeability (K) 
 Very well, nil K 
Depo. Enviro. (Firmg’d, Petrel)  Middle shoreface 
   
Comments/Notes  Compare with next (4349.19) coarser grainsize, lower K, higher calc 
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Left: Plain polarised light,                                  FOV = 3.65 mm Right:  Crossed polarised light 
  
Sample Depth (m): 4349.19 Well: Torosa 1 
Rock Classn (Folk, Mount)  Calcareous Quartzarenite            Q: 99.1, F: 0.9, L: 0 (%) 
Texture   
 Sorting (Phi Φ)  Well  
Grain size  (Wentworth )  Medium to fine 
Roundness  Sub-angular to rounded 
Crystalline Fabric   
Packing/Grain contacts (Young)  Floating, point 
Pore Types  Fracture 
Quartz  Monocrystalline, Polycrystalline 
Feldspar   
Rock Fragments   
Heavy Minerals   
Opaques  Organics 
Allochems/Bioclasts  Mollusc, brachiopod 
Micas  Muscovite 
Clays   
Matrix/Cement  Quartz overgrowth , Calcite 
Authigenic minerals  Quartz overgrowth, clays 
LOG DATA   
Calcimetry/Permeability 
(K)/Permeability (K) 
 Medium, low K 
Depo. Enviro. (Firmg’d, Petrel)  Middle shoreface 
   
Comments/Notes  Compare with previous (4349.04) lower calc, better sorting, smaller grainsize 
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Left: Plain polarised light,                                  FOV = 7.3 mm Right:  Crossed polarised light 
  
Sample Depth (m): 4351.67 Well: Torosa 1 
Rock Classn (Folk, Mount)  Calcareous Quartzarenite            Q: 99.3, F: 0, L: 0.7 (%) 
Texture   
 Sorting (Phi Φ)  Moderate 
Grain size  (Wentworth )  Medium to very fine 
Roundness  Angular to rounded 
Crystalline Fabric   
Packing/Grain contacts (Young)  Floating point,  
Pore Types   
Quartz  Monocrystalline, Polycrystalline 
Feldspar   
Rock Fragments   
Heavy Minerals   
Opaques   
Allochems/Bioclasts  Brachiopod, mollusc 
Micas   
Clays   
Matrix/Cement  Quartz overgrowth, Calcite 
Authigenic minerals  Quartz overgrowth 
LOG DATA   
Calcimetry/Permeability 
(K)/Permeability (K) 
 Medium to well, low to nil K 
Depo. Enviro. (Firmg’d, Petrel)  Upper shoreface 
   
Comments/Notes   
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Left: Plain polarised light,                        Upper  FOV = 7.3 mm Right:  Crossed polarised light 
 
(Lower FOV 3.65 mm) 
 
 
(Lower FOV 3.65 mm) 
 
Sample Depth (m): 4352.16 Well: Torosa 1 
Rock Classn (Folk, Mount)  Sandy Allochemic Limestone (upper)         Quartzarenite (lower)        Q: 97.1, F: 1.0, L: 1.9 (%)  
Texture   
 Sorting (Phi Φ)  Well 
Grain size  (Wentworth )  Very coarse to medium  
Roundness  rounded 
Crystalline Fabric   
Packing/Grain contacts (Young)  Floating 
Pore Types  Secondary mouldic 
Quartz  Polycrystalline, Monocrystalline 
Rock Fragments   
Heavy Minerals  pyrite 
Opaques  Organic, pyrite 
Allochems/Bioclasts  Brachiopod, mollusc 
Clays, Micas   
Matrix/Cement  calcite 
Authigenic minerals   
Calcimetry/Permeability 
(K)/Permeability (K) 
 Medium to well, poor K 
Depo. Enviro. (Firmg’d, Petrel)   
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Comments/Notes  Compare with next (4352.61) drop in calc. and drop in grain size, same clay and K 
 
 
Left: Plain polarised light,                                 FOV = 3.65 mm Right:  Crossed polarised light 
  
Sample Depth (m): 4352.61 Well: Torosa 1 
Rock Classn (Folk, Mount)  Calcareous Sublitharenite           Q: 90.6, F: 0.5, L: 8.9 (%)  
Texture   
 Sorting (Phi Φ)  Moderately well 
Grain size  (Wentworth )  Medium to very fine 
Roundness  Very angular 
Crystalline Fabric   
Packing/Grain contacts (Young)  Sutured, point,  
Pore Types   
Quartz   
Feldspar   
Rock Fragments   
Heavy Minerals   
Opaques  Organics 
Allochems/Bioclasts   
Micas   
Clays   
Matrix/Cement  Calcite,  Quartz overgrowth 
Authigenic minerals  Quartz overgrowth 
LOG DATA   
Calcimetry/Permeability 
(K)/Permeability (K) 
 Medium, poor K 
Depo. Enviro. (Firmg’d, Petrel)  Upper shoreface 
   
Comments/Notes  Compare with previous (4352.16) 
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Left: Plain polarised light,                                  FOV = 7.3 mm Right:  Crossed polarised light 
 
 
 
 
Sample Depth (m): 4354.75 Well: Torosa 1 
Rock Classn (Folk, Mount)  Sandy Biosparite 
Texture   
 Sorting (Phi Φ)  Moderate  
Grain size  (Wentworth )  Very coarse to very fine 
Roundness  Angular to rounded 
Crystalline Fabric   
Packing/Grain contacts (Young)  Tangential, point, floating 
Pore Types   
Quartz  Monocrystalline 
Feldspar   
Rock Fragments   
Heavy Minerals   
Opaques  Stylolites 
Allochems/Bioclasts  Brachiopod 
Micas   
Clays   
Matrix/Cement  Microspar 
Authigenic minerals  Calcite 
LOG DATA   
Calcimetry/Permeability 
(K)/Permeability (K) 
 Low, poor K 
Depo. Enviro. (Firmg’d, Petrel)  Upper shoreface 
   
Comments/Notes  High clay. Compare with next (4355.67), same K, smaller grainsize, better grain sorting, much lower 
Calcimetry. 
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Left: Plain polarised light,                                  FOV = 7.3 mm Right:  Crossed polarised light 
  
Sample Depth (m): 4355.67 Well: Torosa 1 
Rock Classn (Folk, Mount)  Sandy Biosparite        
Texture   
 Sorting (Phi Φ)  Poor to moderate 
Grain size  (Wentworth )  Coarse to fine 
Roundness  Angular to sub-rounded 
Crystalline Fabric   
Packing/Grain contacts (Young)  Tangential, point floating 
Pore Types   
Quartz  Monocrystalline 
Feldspar   
Rock Fragments   
Heavy Minerals   
Opaques  Trace organics 
Allochems/Bioclasts  Gastropod, brachiopod, ooid 
Micas   
Clays   
Matrix/Cement  Microspar, calcite 
Authigenic minerals  calcite 
LOG DATA   
Calcimetry/Permeability 
(K)/Permeability (K) 
 Very well, low K 
Depo. Enviro. (Firmg’d, Petrel)  Upper shoreface 
Comments/Notes  Compare with previous (4354.75)same k, larger grainsize and sorting, higher calcimetry. 
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Left: Plain polarised light,                                 FOV = 1.44 mm Right:  Crossed polarised light 
  
Sample Depth (m): 4360.21 Well: Torosa 1 
Rock Classn (Folk, Mount)  Calcareous Quartzarenite            Q: 97.6, F: 0, L: 2.4(%) 
Texture   
 Sorting (Phi Φ)  Moderately well 
Grain size  (Wentworth )  Coarse to very fine 
Roundness  Rounded to angular 
Crystalline Fabric   
Packing/Grain contacts (Young)  Suture, concavo-convex 
Pore Types   
Quartz  Monocrystalline 
Feldspar   
Rock Fragments   
Heavy Minerals   
Opaques  Stylolite 
Allochems/Bioclasts   
Micas   
Clays   
Matrix/Cement  Calcite, microspar 
Authigenic minerals  Microspar 
LOG DATA   
Calcimetry/Permeability 
(K)/Permeability (K) 
 Medium, low K 
Depo. Enviro. (Firmg’d, Petrel)  Upper shoreface 
Comments/Notes   
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Left: Plain polarised light,                                  FOV = 7.3 mm Right:  Crossed polarised light 
  
Sample Depth (m): 4361.36 Well: Torosa 1 
Rock Classn (Folk, Mount)  Calcareous Quartzarenite            Q: 95.7, F: 0, L: 4.3 (%) 
Texture   
 Sorting (Phi Φ)  Moderately well 
Grain size  (Wentworth )  Medium to very fine 
Roundness  Angular to rounded 
Crystalline Fabric   
Packing/Grain contacts (Young)  Sutured, tangential, point 
Pore Types   
Quartz  Monocrystalline 
Feldspar   
Rock Fragments   
Heavy Minerals   
Opaques  Organics 
Allochems/Bioclasts  Calcareous fossils, mollusc, ooid 
Micas   
Clays   
Matrix/Cement  Microspar, Calcite 
Authigenic minerals  Quartz overgrowth 
LOG DATA   
Calcimetry/Permeability 
(K)/Permeability (K) 
 Medium, poor K 
Depo. Enviro. (Firmg’d, Petrel)  Middle shoreface 
Comments/Notes  Small clay % possible cause of lower K than next (4362.03) 
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Left: Plain polarised light,                                 FOV = 3.65 mm Right:  Crossed polarised light 
  
Sample Depth (m): 4362.03 Well: Torosa 1 
Rock Classn (Folk, Mount)  Subarkose            Q: 90.5, F: 4.9, L: 4.6 (%) 
Texture   
 Sorting (Phi Φ)  Moderate 
Grain size  (Wentworth )  Medium to very fine 
Roundness  Sub-angular to rounded 
Crystalline Fabric   
Packing/Grain contacts (Young)  Point, concavo-convex 
Pore Types  Primary interparticle 
Quartz  Monocrystalline 
Feldspar   
Rock Fragments   
Heavy Minerals   
Opaques  Trace organics 
Allochems/Bioclasts   
Micas   
Clays   
Matrix/Cement  Quartz overgrowth, calcite 
Authigenic minerals  Clays,  Quartz overgrowth 
LOG DATA   
Calcimetry/Permeability 
(K)/Permeability (K) 
 Poor to medium, moderate K 
Depo. Enviro. (Firmg’d, Petrel)   
   
Comments/Notes  No clay possible cause of higher K than previous(4361.36) 
 
 
 
 
 
 
124 
 
 
Left: Plain polarised light,                                 FOV = 3.65 mm Right:  Crossed polarised light 
  
Sample Depth (m): 4362.53 Well: Torosa 1 
Rock Classn (Folk, Mount)  Litharenite            Q: 71.5, F: 2.2, L: 26.3 (%) 
Texture   
 Sorting (Phi Φ)  Well 
Grain size  (Wentworth )  Medium to very fine 
Roundness  Aub-angular to rounded 
Crystalline Fabric   
Packing/Grain contacts (Young)  Suture, point, concavo-convex 
Pore Types  Primary interparticle 
Quartz  Monocrystalline, Polycrystalline 
Feldspar   
Rock Fragments   
Heavy Minerals   
Opaques   
Allochems/Bioclasts  Calcareous fossils 
Micas   
Clays   
Matrix/Cement  Quartz overgrowth, clays 
Authigenic minerals  Quartz overgrowth, clay 
LOG DATA   
Calcimetry/Permeability 
(K)/Permeability (K) 
 Poor to medium, moderate K 
Depo. Enviro. (Firmg’d, Petrel)  Middle shoreface 
   
Comments/Notes   
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Left: Plain polarised light,                                   FOV = 7.3 mm Right:  Crossed polarised light 
  
Sample Depth (m): 4362.86 Well: Torosa 1 
Rock Classn (Folk, Mount)  Allochemic Quartzarenite            Q: 96.8, F: 1.1, L: 2.1 (%) 
Texture   
 Sorting (Phi Φ)  Moderate to moderately well 
Grain size  (Wentworth )  Medium to very fine 
Roundness  Sub-angular to rounded 
Crystalline Fabric   
Packing/Grain contacts (Young)  Sutured, concavo-convex 
Pore Types   
Quartz  Monocrystalline, Polycrystalline 
Feldspar   
Rock Fragments   
Heavy Minerals   
Opaques  Organics 
Allochems/Bioclasts  Calcareous fossils, brachiopod? 
Micas   
Clays   
Matrix/Cement  Microspar, clay 
Authigenic minerals  Quartz overgrowth 
LOG DATA   
Calcimetry/Permeability 
(K)/Permeability (K) 
 Very poor, nil K 
Depo. Enviro. (Firmg’d, Petrel)  Lower shoreface 
   
Comments/Notes   
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Left: Plain polarised light,                                 FOV = 3.65 mm Right:  Crossed polarised light 
 
 
 
 
Sample Depth (m): 4363.93 Well: Torosa 1 
Rock Classn (Folk, Mount)  Quartzarenite            Q: 98.0, F: 0.8, L: 1.2 (%) 
Texture   
 Sorting (Phi Φ)  Moderate 
Grain size  (Wentworth )  Medium to very fine 
Roundness  Angular to rounded 
Crystalline Fabric   
Packing/Grain contacts (Young)  Floating, sutured, point, 
Pore Types   
Quartz  Monocrystalline, Polycrystalline 
Feldspar   
Rock Fragments   
Heavy Minerals   
Opaques  Organics 
Allochems/Bioclasts  Minor calcareous fossils, gastropod, echinoderm, foraminifera?  Spicule 
Micas   
Clays   
Matrix/Cement  Calcite, microspar 
Authigenic minerals  Quartz overgrowth 
LOG DATA   
Calcimetry/Permeability 
(K)/Permeability (K) 
 Very poor, nil K 
Depo. Enviro. (Firmg’d, Petrel)  Lower shoreface 
   
Comments/Notes   
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Left: Plain polarised light,                     FOV = 7.3 mm (upper) Right:  Crossed polarised light 
 
(below FOV: 7.3) 
 
 
(below FOV: 7.3) 
 
Sample Depth (m): 4365.25 Well: Torosa 1 
Rock Classn (Folk, Mount)  Calcareous Sublitharenite            Q: 93.7, F: 0, L: 6.3 (%) 
Texture   
 Sorting (Phi Φ)  Poor 
Grain size  (Wentworth )  Very coarse to very fine 
Roundness  Angular to sub-rounded 
Crystalline Fabric   
Packing/Grain contacts (Young)  Tangential, point 
Pore Types   
Quartz  Monocrystalline 
Feldspar   
Rock Fragments  Some 
Heavy Minerals   
Opaques  Stylolites, organics 
Allochems/Bioclasts  Gastropod, mollusc, brachiopod, echinoderm 
Micas   
Clays   
Matrix/Cement  Quartz overgrowth, microspar 
Authigenic minerals  Quartz overgrowth,  
LOG DATA   
Calcimetry/Permeability 
(K)/Permeability (K) 
 Very well, nil K 
Depo. Enviro. (Firmg’d, Petrel)  Tidal channel 
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Comments/Notes   
 
 
Left: Plain polarised light,                                FOV = 3.65 mm Right:  Crossed polarised light 
  
Sample Depth (m): 4365.40 Well: Torosa 1 
Rock Classn (Folk, Mount)  Sandy Biosparite             
Texture   
 Sorting (Phi Φ)  Poor to moderate 
Grain size  (Wentworth )  Very coarse to very fine 
Roundness  Rounded to angular 
Crystalline Fabric   
Packing/Grain contacts (Young)  Floating, point 
Pore Types   
Quartz  Monocrystalline 
Feldspar   
Rock Fragments   
Heavy Minerals   
Opaques  Trace organics 
Allochems/Bioclasts  Brachiopod, gastropod, ooid 
Micas   
Clays   
Matrix/Cement  Sparite, microspar 
Authigenic minerals   
LOG DATA   
Calcimetry/Permeability 
(K)/Permeability (K) 
 Very well, nil K 
Depo. Enviro. (Firmg’d, Petrel)  Tidal channel 
   
Comments/Notes   
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Left: Plain polarised light,                                 FOV = 7.3 mm Right:  Crossed polarised light 
  
Sample Depth (m): 4366.95 Well: Torosa 1 
Rock Classn (Folk, Mount)  Sandy Biosparite 
Texture   
 Sorting (Phi Φ)  Poor to moderate 
Grain size  (Wentworth )  Coarse to very fine 
Roundness  Angular to rounded 
Crystalline Fabric   
Packing/Grain contacts (Young)  Point, concavo-convex, tangential 
Pore Types  Fractures 
Quartz  Monocrystalline, Polycrystalline 
Feldspar   
Rock Fragments  Trace 
Heavy Minerals   
Opaques  Pyrite, Trace organics 
Allochems/Bioclasts  Mollusc, ooid, echinoderm, brachiopod 
Micas   
Clays   
Matrix/Cement  Calcite 
Authigenic minerals   
LOG DATA   
Calcimetry/Permeability 
(K)/Permeability (K) 
 Well, nil K 
Depo. Enviro. (Firmg’d, Petrel)  Middle shoreface 
   
Comments/Notes   
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Left: Plain polarised light,                                 FOV = 7.3 mm Right:  Crossed polarised light 
  
Sample Depth (m): 4367.28 Well: Torosa 1 
Rock Classn (Folk, Mount)  Sandy Biosparite 
Texture   
 Sorting (Phi Φ)  Moderately well 
Grain size  (Wentworth )  Coarse to fine 
Roundness  Angular to sub-rounded 
Crystalline Fabric   
Packing/Grain contacts (Young)  Floating, point, suture 
Pore Types   
Quartz   
Feldspar   
Rock Fragments   
Heavy Minerals   
Opaques  Stylolites, trace organics 
Allochems/Bioclasts  Mollusc, brachiopod, echinoderm 
Micas   
Clays   
Matrix/Cement  Microspar,  Quartz overgrowth 
Authigenic minerals  Quartz overgrowth 
LOG DATA   
Calcimetry/Permeability 
(K)/Permeability (K) 
 Well, nil K 
Depo. Enviro. (Firmg’d, Petrel)  Upper shoreface 
   
Comments/Notes   
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Left: Plain polarised light,                                FOV = 3.65 mm Right:  Crossed polarised light 
  
Sample Depth (m): 4367.66 Well: Torosa 1 
Rock Classn (Folk, Mount)  Allochemic Sublitharenite            QFL N/A 
Texture   
 Sorting (Phi Φ)  Moderate 
Grain size  (Wentworth )  Medium to very fine 
Roundness  Rounded to sub-angular 
Crystalline Fabric   
Packing/Grain contacts (Young)  Sutured, tangential, point 
Pore Types   
Quartz  Monocrystalline 
Feldspar   
Rock Fragments   
Heavy Minerals   
Opaques  Organics 
Allochems/Bioclasts  Mollusc, brachiopod 
Micas   
Clays   
Matrix/Cement  Microspar 
Authigenic minerals  clays 
LOG DATA   
Calcimetry/Permeability 
(K)/Permeability (K) 
 Well, nil K 
Depo. Enviro. (Firmg’d, Petrel)  Upper shoreface 
   
Comments/Notes   
 
 
 
 
 
132 
 
 
Left: Plain polarised light,                                FOV = 3.65 mm Right:  Crossed polarised light 
  
Sample Depth (m): 4370.85 Well: Torosa 1 
Rock Classn (Folk, Mount)  Quartzarenite            Q: 97.0, F: 0, L: 3.0 (%) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Texture   
 Sorting (Phi Φ)  Moderately well 
Grain size  (Wentworth )  Medium to very fine 
Roundness  Angular to rounded 
Crystalline Fabric   
Packing/Grain contacts (Young)  Concavo-convex, point, sutured 
Pore Types   
Quartz  Monocrystalline,  Polycrystalline 
Feldspar   
Rock Fragments  Trace 
Heavy Minerals   
Opaques  Trace organics 
Allochems/Bioclasts  Trace, brachiopod, mollusc 
Micas   
Clays   
Matrix/Cement  Quartz overgrowth, calcite 
Authigenic minerals  Quartz overgrowth, clays, calcite 
LOG DATA   
Calcimetry/Permeability 
(K)/Permeability (K) 
 Very low, moderate K 
Depo. Enviro. (Firmg’d, Petrel)  Tidal channel 
   
Comments/Notes  Just above “Flooding Surface” at ~4370.95m. very low clay content. 
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Left: Plain polarised light,                                FOV = 1.44 mm Right:  Crossed polarised light 
  
Sample Depth (m): 4371.70 Well: Torosa 1 
Rock Classn (Folk, Mount)  Lithicwacke            Q: 93.8, F: 0.5, L: 5.7 (%) 
Texture   
 Sorting (Phi Φ)  Poor to moderate 
Grain size  (Wentworth )  Medium to silt 
Roundness  Angular to sub-rounded 
Crystalline Fabric   
Packing/Grain contacts (Young)  Sutured, tangential,  
Pore Types  Fractures 
Quartz  Monocrystalline, Polycrystalline 
Feldspar   
Rock Fragments   
Heavy Minerals   
Opaques  Stylolites, some organics 
Allochems/Bioclasts   
Micas   
Clays  Moderately high 
Matrix/Cement  Quartz overgrowth, microspar 
Authigenic minerals  Quartz overgrowth 
LOG DATA   
Calcimetry/Permeability 
(K)/Permeability (K) 
 Poor, nil K 
Depo. Enviro. (Firmg’d, Petrel)  Lower shoreface 
   
Comments/Notes   
 
 
 
 
 
134 
 
 
Left: Plain polarised light,                                 FOV = 7.3 mm Right:  Crossed polarised light 
  
Sample Depth (m): 4372.94 Well: Torosa 1 
Rock Classn (Folk, Mount)  Quartzarenite            QFL N/A 
Texture   
 Sorting (Phi Φ)  Moderate to well 
Grain size  (Wentworth )  Medium to fine 
Roundness  Sub-angular to rounded 
Crystalline Fabric   
Packing/Grain contacts (Young)  Point contact, tangential 
Pore Types  Primary interparticle 
Quartz  Monocrystalline 
Feldspar   
Rock Fragments   
Heavy Minerals   
Opaques  Trace organics 
Allochems/Bioclasts   
Micas   
Clays  Authigenic 
Matrix/Cement  Quartz overgrowth 
Authigenic minerals  Clays,  Quartz overgrowth 
LOG DATA   
Calcimetry/Permeability 
(K)/Permeability (K) 
 Poor, excellent K 
Depo. Enviro. (Firmg’d, Petrel)  Upper shoreface 
   
Comments/Notes   
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Left: Plain polarised light,                                 FOV = 7.3 mm Right:  Crossed polarised light 
  
Sample Depth (m): 4373.70 Well: Torosa 1 
Rock Classn (Folk, Mount)  Quartzwacke            Q: 96.1, F: 0, L: 3.9 (%) 
Texture   
 Sorting (Phi Φ)  Poor to moderate 
Grain size  (Wentworth )  Very coarse to fine 
Roundness  Angular to rounded 
Crystalline Fabric   
Packing/Grain contacts (Young)  Tangential, sutured 
Pore Types   
Quartz  Monocrystalline, Polycrystalline 
Feldspar   
Rock Fragments   
Heavy Minerals   
Opaques  organics 
Allochems/Bioclasts   
Micas   
Clays  Authigenic 
Matrix/Cement  Clays,  Quartz overgrowth 
Authigenic minerals  Quartz overgrowth, clay 
LOG DATA   
Calcimetry/Permeability 
(K)/Permeability (K) 
 Medium, good K 
Depo. Enviro. (Firmg’d, Petrel)  Upper shoreface 
   
Comments/Notes   
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Left: Plain polarised light,                                FOV = 3.65 mm Right:  Crossed polarised light 
  
Sample Depth (m): 4374.93 Well: Torosa 1 
Rock Classn (Folk, Mount)  Calcareous Quartzarenite            Q: 97.3, F: 0, L: 2.7 (%) 
Texture   
 Sorting (Phi Φ)  Moderate to well 
Grain size  (Wentworth )  Fine to very fine 
Roundness  Angular to sub-angular 
Crystalline Fabric   
Packing/Grain contacts (Young)  Suture, tangential, concavo-convex 
Pore Types   
Quartz  Monocrystalline 
Feldspar   
Rock Fragments   
Heavy Minerals   
Opaques  Some organics 
Allochems/Bioclasts   
Micas  Muscovite 
Clays   
Matrix/Cement  Calcite 
Authigenic minerals   
LOG DATA   
Calcimetry/Permeability 
(K)/Permeability (K) 
 Very poor, poor K 
Depo. Enviro. (Firmg’d, Petrel)  Lagoon 
   
Comments/Notes   
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Left: Plain polarised light,                                 FOV = 7.3 mm Right:  Crossed polarised light 
  
Sample Depth (m): 4375.71 Well: Torosa 1 
Rock Classn (Folk, Mount)  Quartzarenite            Q: 97.6, F: 0.5, L: 1.9 (%) 
Texture   
 Sorting (Phi Φ)  Well 
Grain size  (Wentworth )  Coarse to fine 
Roundness  sub-angular to rounded 
Crystalline Fabric   
Packing/Grain contacts (Young)  Point, tangential 
Pore Types  Primary interparticle 
Quartz  Monocrystalline, Polycrystalline 
Feldspar   
Rock Fragments   
Heavy Minerals   
Opaques  Some organics 
Allochems/Bioclasts   
Micas   
Clays  Authigenic 
Matrix/Cement  Quartz overgrowth, clays 
Authigenic minerals  Quartz overgrowth, clays 
LOG DATA   
Calcimetry/Permeability 
(K)/Permeability (K) 
 Very poor, excellent K 
Depo. Enviro. (Firmg’d, Petrel)  Upper shoreface 
   
Comments/Notes   
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Left: Plain polarised light,                                FOV = 3.65 mm Right:  Crossed polarised light 
  
Sample Depth (m): 4378.65 Well: Torosa 1 
Rock Classn (Folk, Mount)  Sublitharenite            Q: 94.7, F: 0, L: 5.3 (%) 
Texture   
 Sorting (Phi Φ)  Moderate to moderately well 
Grain size  (Wentworth )  Medium to very fine 
Roundness  Angular to rounded 
Crystalline Fabric   
Packing/Grain contacts (Young)  Sutured, tangential, concavo-convex 
Pore Types   
Quartz  Monocrystalline. Polycrystalline 
Feldspar   
Rock Fragments   
Heavy Minerals   
Opaques  Organics 
Allochems/Bioclasts   
Micas   
Clays  Very low 
Matrix/Cement  Calcite,  
Authigenic minerals  Quartz overgrowth, some clays 
LOG DATA   
Calcimetry/Permeability 
(K)/Permeability (K) 
 Poor, nil K 
Depo. Enviro. (Firmg’d, Petrel)  Shoreface, mouth bar 
   
Comments/Notes  Compare to next (4378.78) similar K, better grain sorting, lower calcimetry, some clay 
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Left: Plain polarised light,                               FOV = 7.3 mm Right:  Crossed polarised light 
 
 
 
 
Sample Depth (m): 4378.78 Well: Torosa 1 
Rock Classn (Folk, Mount)  Sandy Biosparite             
Texture   
 Sorting (Phi Φ)  Moderate 
Grain size  (Wentworth )  Coarse to very fine 
Roundness  Angular to rounded 
Crystalline Fabric  Hypidiotopic 
Packing/Grain contacts (Young)  Point, floating 
Pore Types  Primary intercrystal, fracture 
Quartz  Monocrystalline 
Feldspar   
Rock Fragments   
Heavy Minerals   
Opaques  Organics 
Allochems/Bioclasts  Brachiopod, gastropod, mollusc,  
Micas   
Clays  None evident 
Matrix/Cement  Calcite spar, Calcite 
Authigenic minerals  Calcite spar, Quartz overgrowth,  
LOG DATA   
Calcimetry/Permeability 
(K)/Permeability (K) 
 Well, nil K 
Depo. Enviro. (Firmg’d, Petrel)  Tidal channel 
   
Comments/Notes  Compare to previous (4378.65) similar K, poorer grain sorting, higher calcimetry, no (little) clay 
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Left: Plain polarised light,                                  FOV = 7.3 mm Right:  Crossed polarised light 
  
Sample Depth (m): 4383.35 Well: Torosa 1 
Rock Classn (Folk, Mount)  Quartzarenite            Q: 97.2, F: 0.6, L: 2.3 (%) 
Texture   
 Sorting (Phi Φ)  Moderate 
Grain size  (Wentworth )  Coarse to fine 
Roundness  Angular to rounded 
Crystalline Fabric   
Packing/Grain contacts (Young)  Tangential, concavo-convex 
Pore Types  Primary interparticle, secondary partial dissolution 
Quartz  Monocrystalline, Polycrystalline 
Feldspar   
Rock Fragments   
Heavy Minerals   
Opaques  Trace organics 
Allochems/Bioclasts   
Micas   
Clays  Authigenic 
Matrix/Cement  Quartz overgrowth, calcite, clays 
Authigenic minerals  Clays,  Quartz overgrowth 
LOG DATA   
Calcimetry/Permeability 
(K)/Permeability (K) 
 Poor, poor K 
Depo. Enviro. (Firmg’d, Petrel)  Tidal channel 
   
Comments/Notes  Compare with next (4383.47) similar K, lower calc., coarser grain sizes 
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Left: Plain polarised light,                                 FOV = 1.44 mm Right:  Crossed polarised light 
  
Sample Depth (m): 4383.47 Well: Torosa 1 
Rock Classn (Folk, Mount)  Lithicwacke            Q: 94.2, F: 0, L: 5.8 (%) 
Texture   
 Sorting (Phi Φ)  Moderately well 
Grain size  (Wentworth )  Very fine to coarse 
Roundness  Angular to sub-rounded 
Crystalline Fabric   
Packing/Grain contacts (Young)  Suture, tangential, concavo-convex 
Pore Types   
Quartz  Monocrystalline, Polycrystalline 
Feldspar   
Rock Fragments   
Heavy Minerals   
Opaques  Some organics 
Allochems/Bioclasts   
Micas  Muscovite 
Clays  Authigenic 
Matrix/Cement  Quartz overgrowth, calcite 
Authigenic minerals  Quartz overgrowth, clays 
LOG DATA   
Calcimetry/Permeability 
(K)/Permeability (K) 
 Medium, poor K 
Depo. Enviro. (Firmg’d, Petrel)  Tidal channel 
   
Comments/Notes  Compare with previous (4383.35) similar K, higher calc., finer grain size 
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Left: Plain polarised light,                                  FOV = 7.3 mm Right:  Crossed polarised light 
  
Sample Depth (m): 4385.57 Well: Torosa 1 
Rock Classn (Folk, Mount)  Sandy Biosparite             
Texture   
 Sorting (Phi Φ)  Moderate to poor 
Grain size  (Wentworth )  Very coarse to fine 
Roundness  Angular to rounded 
Crystalline Fabric   
Packing/Grain contacts (Young)  Point, floating 
Pore Types   
Quartz  Monocrystalline,  
Feldspar   
Rock Fragments   
Heavy Minerals  Trace 
Opaques  Trace organics 
Allochems/Bioclasts  Gastropod, echinoderm, mollusc 
Micas   
Clays   
Matrix/Cement  Calcite 
Authigenic minerals  Calcite,  Quartz overgrowth 
LOG DATA   
Calcimetry/Permeability 
(K)/Permeability (K) 
 Well, nil K 
Depo. Enviro. (Firmg’d, Petrel)  Upper shoreface 
   
Comments/Notes  Compare with next (4386.03) similar K but poorer grain sorting, higher calcimetry 
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Left: Plain polarised light,                                FOV = 3.65 mm Right:  Crossed polarised light 
  
Sample Depth (m): 4386.03 Well: Torosa 1 
Rock Classn (Folk, Mount)  Calcareous Quartzarenite            Q: 99.4, F: 0, L: 0.6 (%) 
Texture   
 Sorting (Phi Φ)  Moderately well 
Grain size  (Wentworth )  Medium to very fine 
Roundness  Angular to sub-angular 
Crystalline Fabric   
Packing/Grain contacts (Young)  Point, tangential, suture 
Pore Types  Primary interparticle, secondary dissolution 
Quartz  Monocrystalline, Polycrystalline 
Feldspar   
Rock Fragments   
Heavy Minerals   
Opaques  organics 
Allochems/Bioclasts  Brachiopod, mollusc, echinoderm 
Micas   
Clays   
Matrix/Cement  Calcite 
Authigenic minerals  Quartz overgrowth, calcite, clays 
LOG DATA   
Calcimetry/Permeability 
(K)/Permeability (K) 
 Medium, nil K 
Depo. Enviro. (Firmg’d, Petrel)  Upper shoreface 
   
Comments/Notes  Compare with previous (4385.57) similar K but better grain sorting, lower calcimetry 
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Left: Plain polarised light,                                FOV = 3.65 mm Right:  Crossed polarised light 
  
Sample Depth (m): 4387.33 Well: Torosa 1 
Rock Classn (Folk, Mount)  Lithicwacke            Q: 94.5, F: 0, L: 5.5 (%) 
Texture   
 Sorting (Phi Φ)  Well to moderately well 
Grain size  (Wentworth )  Medium to very fine 
Roundness  Angular to sub-rounded 
Crystalline Fabric   
Packing/Grain contacts (Young)  Sutured, tangential,  
Pore Types   
Quartz  Monocrystalline, Polycrystalline 
Feldspar   
Rock Fragments   
Heavy Minerals   
Opaques  Organics, stylolites 
Allochems/Bioclasts  Spicule,  
Micas   
Clays   
Matrix/Cement  Calcite, clays 
Authigenic minerals  Quartz overgrowth 
LOG DATA   
Calcimetry/Permeability 
(K)/Permeability (K) 
 Medium, poor K 
Depo. Enviro. (Firmg’d, Petrel)  Middle shoreface 
   
Comments/Notes  Compare to next (4387.88) Similar K, lower clay, better grain sorting 
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Left: Plain polarised light,                                FOV = 7.3 mm Right:  Crossed polarised light 
  
Sample Depth (m): 4387.88 Well: Torosa 1 
Rock Classn (Folk, Mount)  Calcareous Sublitharenite            QFL N/A 
Texture   
 Sorting (Phi Φ)  Poor to moderate 
Grain size  (Wentworth )  Coarse to very fine 
Roundness  Sub-rounded to rounded 
Crystalline Fabric   
Packing/Grain contacts (Young)  Point, suture 
Pore Types   
Quartz  Monocrystalline 
Feldspar   
Rock Fragments   
Heavy Minerals   
Opaques  Organics, stylolite 
Allochems/Bioclasts   
Micas   
Clays   
Matrix/Cement  Calcite,  Quartz overgrowth 
Authigenic minerals  Quartz overgrowth 
LOG DATA   
Calcimetry/Permeability 
(K)/Permeability (K) 
 Well, poor K 
Depo. Enviro. (Firmg’d, Petrel)  Tidal channel 
   
Comments/Notes  Compare to previous (4387.33) Similar K, higher clay, poorer grain sorting 
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Left: Plain polarised light,                                FOV = 3.65 mm Right:  Crossed polarised light 
  
Sample Depth (m): 4388.42 Well: Torosa 1 
Rock Classn (Folk, Mount)  Quartzarenite            Q: 98.5, F: 0.5, L: 1.0 (%) 
Texture   
 Sorting (Phi Φ)  Poor 
Grain size  (Wentworth )  Clay to coarse 
Roundness  Sub-angular to rounded 
Crystalline Fabric   
Packing/Grain contacts (Young)  Point, sutured, concavo-convex 
Pore Types  Primary interparticle, secondary dissolution 
Quartz  Monocrystalline,  
Feldspar   
Rock Fragments   
Heavy Minerals   
Opaques  Organics 
Allochems/Bioclasts  Mollusc, indeterminate calcareous fossils 
Micas  Muscovite 
Clays  Authigenic 
Matrix/Cement  Quartz overgrowth, clays, calcite 
Authigenic minerals  Quartz overgrowth, calcite 
LOG DATA   
Calcimetry/Permeability 
(K)/Permeability (K) 
 Well, nil K 
Depo. Enviro. (Firmg’d, Petrel)  Lagoon  
   
Comments/Notes  Compare to next (4388.80) Similar K, higher clay, poorer grain sorting 
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Left: Plain polarised light,                                FOV = 3.65 mm Right:  Crossed polarised light 
  
Sample Depth (m): 4388.80 Well: Torosa 1 
Rock Classn (Folk, Mount)  Calcareous Quartzarenite            Q: 97.7, F: 0, L: 2.3 (%) 
Texture   
 Sorting (Phi Φ)  Moderate 
Grain size  (Wentworth )  Medium to very fine 
Roundness  Angular- to sub-angular 
Crystalline Fabric   
Packing/Grain contacts (Young)  Tangential, concavo-convex 
Pore Types  Primary 
Quartz  Monocrystalline, Polycrystalline 
Feldspar   
Rock Fragments  Trace 
Heavy Minerals   
Opaques  Organics, stylolite 
Allochems/Bioclasts  Mollusc,  indeterminate calcareous fossils 
Micas   
Clays   
Matrix/Cement  Calcite,  Quartz overgrowth 
Authigenic minerals  Quartz overgrowth, clay 
LOG DATA   
Calcimetry/Permeability 
(K)/Permeability (K) 
 Well, nil K 
Depo. Enviro. (Firmg’d, Petrel)  Upper shoreface 
   
Comments/Notes  Compare to previous (4388.42) Similar K, lower clay, better grain sorting 
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Left: Plain polarised light,                                FOV = 3.65 mm Right:  Crossed polarised light 
  
Sample Depth (m): 4389.04 Well: Torosa 1 
Rock Classn (Folk, Mount)  Calcareous Quartzarenite            Q: 98.1, F: 0, L: 1.9 (%) 
Texture   
 Sorting (Phi Φ)  Moderate 
Grain size  (Wentworth )  Medium to very fine 
Roundness  Angular to rounded 
Crystalline Fabric   
Packing/Grain contacts (Young)  Sutured, tangential, concavo-convex 
Pore Types  Primary interparticle, secondary dissolution 
Quartz  Monocrystalline, Polycrystalline 
Feldspar   
Rock Fragments   
Heavy Minerals  Some 
Opaques  Organics 
Allochems/Bioclasts  echinoderm,  indeterminate calcareous fossils 
Micas   
Clays  Authigenic 
Matrix/Cement  Calcite,  Quartz overgrowth 
Authigenic minerals  Quartz overgrowth, clays 
LOG DATA   
Calcimetry/Permeability 
(K)/Permeability (K) 
 Medium well, nil K 
Depo. Enviro. (Firmg’d, Petrel)  Upper shoreface 
   
Comments/Notes   
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Left: Plain polarised light,                                FOV = 3.65 mm Right:  Crossed polarised light 
  
Sample Depth (m): 4389.60 Well: Torosa 1 
Rock Classn (Folk, Mount)  Quartzwacke            Q: 98.0, F: 0, L: 2.0 (%) 
Texture   
 Sorting (Phi Φ)  Poor to moderate 
Grain size  (Wentworth )  Medium to very fine 
Roundness  Sub-angular to rounded 
Crystalline Fabric   
Packing/Grain contacts (Young)  Sutured, concavo-convex 
Pore Types  Secondary dissolution 
Quartz  Monocrystalline, Polycrystalline 
Feldspar   
Rock Fragments  Trace 
Heavy Minerals   
Opaques  Fitted stylolite 
Allochems/Bioclasts   
Micas   
Clays  Authigenic 
Matrix/Cement  Calcite,  Quartz overgrowth 
Authigenic minerals  Quartz overgrowth, clays, calcite 
LOG DATA   
Calcimetry/Permeability 
(K)/Permeability (K) 
 Poor medium, poor K 
Depo. Enviro. (Firmg’d, Petrel)  Upper shoreface 
   
Comments/Notes   
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Left: Plain polarised light,                                FOV = 3.65 mm Right:  Crossed polarised light 
  
Sample Depth (m): 4390.50 Well: Torosa 1 
Rock Classn (Folk, Mount)  Quartzarenite            QFL N/A 
Texture   
 Sorting (Phi Φ)  Moderately well to well 
Grain size  (Wentworth )  Very fine to medium 
Roundness  Sub-angular to sub-rounded 
Crystalline Fabric   
Packing/Grain contacts (Young)  Sutured, concavo-convex 
Pore Types   
Quartz  Monocrystalline, Polycrystalline 
Feldspar   
Rock Fragments   
Heavy Minerals   
Opaques  Stylolites, organics 
Allochems/Bioclasts   
Micas   
Clays  Authigenic 
Matrix/Cement  Quartz overgrowth 
Authigenic minerals  Quartz overgrowth, clays 
LOG DATA   
Calcimetry/Permeability 
(K)/Permeability (K) 
 Very poor, nil K 
Depo. Enviro. (Firmg’d, Petrel)  Middle shoreface 
   
Comments/Notes   
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Left: Plain polarised light,                               FOV = 3.65 mm Right:  Crossed polarised light 
  
Sample Depth (m): 4392.40 Well: Torosa 1 
Rock Classn (Folk, Mount)  Quartzarenite            Q: 98.5, F: 0, L: 1.5 (%) 
Texture   
 Sorting (Phi Φ)  Well 
Grain size  (Wentworth )  Medium to very fine 
Roundness  Angular to sub-rounded 
Crystalline Fabric   
Packing/Grain contacts (Young)  Point, tangential, concavo-convex 
Pore Types  Primary interparticle 
Quartz  Monocrystalline 
Feldspar   
Rock Fragments   
Heavy Minerals   
Opaques  Organics 
Allochems/Bioclasts   
Micas   
Clays  Authigenic 
Matrix/Cement  Quartz overgrowth, clays 
Authigenic minerals  Quartz overgrowth, clays 
LOG DATA   
Calcimetry/Permeability 
(K)/Permeability (K) 
 Very poor, good K 
Depo. Enviro. (Firmg’d, Petrel)  Upper shoreface 
   
Comments/Notes   
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Left: Plain polarised light,                                FOV = 7.3 mm Right:  Crossed polarised light 
  
Sample Depth (m): 4399.41 Well: Torosa 1 
Rock Classn (Folk, Mount)  Quartzwacke            Q: 99.0, F: 0, L: 1.0 (%) 
Texture   
 Sorting (Phi Φ)  Moderate 
Grain size  (Wentworth )  Medium to very fine 
Roundness  Angular to rounded 
Crystalline Fabric   
Packing/Grain contacts (Young)  Sutured, concavo-convex 
Pore Types   
Quartz  Monocrystalline 
Feldspar   
Rock Fragments   
Heavy Minerals   
Opaques  Stylolites, organics 
Allochems/Bioclasts   
Micas   
Clays  Authigenic 
Matrix/Cement  Quartz overgrowth 
Authigenic minerals  Quartz overgrowth, clays 
LOG DATA   
Calcimetry/Permeability 
(K)/Permeability (K) 
 Medium to well, nil K 
Depo. Enviro. (Firmg’d, Petrel)  Middle shoreface 
   
Comments/Notes   
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Left: Plain polarised light,                                FOV = 7.3 mm Right:  Crossed polarised light 
  
Sample Depth (m): 4407.67 Well: Torosa 1 
Rock Classn (Folk, Mount)  Lithicwacke            Q: 94.7, F: 0, L: 5.3 (%) 
Texture   
 Sorting (Phi Φ)  Moderate to well 
Grain size  (Wentworth )  Medium to very fine 
Roundness  Sub-angular to rounded 
Crystalline Fabric   
Packing/Grain contacts (Young)  Sutured, tangential, concavo-convex 
Pore Types   
Quartz  Monocrystalline, Polycrystalline 
Feldspar   
Rock Fragments   
Heavy Minerals   
Opaques  Stylolites, organics 
Allochems/Bioclasts   
Micas   
Clays  Authigenic 
Matrix/Cement  Quartz overgrowth 
Authigenic minerals  Quartz overgrowth, clays 
LOG DATA   
Calcimetry/Permeability 
(K)/Permeability (K) 
 n/a 
Depo. Enviro. (Firmg’d, Petrel)  Offshore transition 
   
Comments/Notes  Directly below flooding surface (FS 4407.60m) 
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Left: Plain polarised light,                                    bar = 1mm Right:  Crossed polarised light 
  
Sample Depth (m): 4407.71 Well: Torosa 1 
Rock Classn (Folk, Mount)   Oosparite             
Texture   
 Sorting (Phi Φ)  Poor 
Grain size  (Wentworth )  Coarse to very fine 
Roundness  Sub-rounded 
Crystalline Fabric   
Packing/Grain contacts (Young)  Point, sutured 
Pore Types   
Quartz  Monocrystalline 
Feldspar   
Rock Fragments   
Heavy Minerals   
Opaques  Stylolites, organics 
Allochems/Bioclasts  Ooids, mollusc, echinoderm 
Micas   
Clays   
Matrix/Cement  Calcite 
Authigenic minerals  Calcite 
LOG DATA   
Calcimetry/Permeability 
(K)/Permeability (K) 
 n/a, nil K 
Depo. Enviro. (Firmg’d, Petrel)  Offshore transition  
   
Comments/Notes   
 
 
 
 
 
155 
 
 
Left: Plain polarised light,                                FOV = 3.65 mm Right:  Crossed polarised light 
  
Sample Depth (m): 4414.03 Well: Torosa 1 
Rock Classn (Folk, Mount)  Quartzarenite            Q: 98.9, F: 0, L: 1.1 (%) 
Texture   
 Sorting (Phi Φ)  Moderate 
Grain size  (Wentworth )  Medium to very fine 
Roundness  Angular to sub-rounded 
Crystalline Fabric   
Packing/Grain contacts (Young)  Sutured, point, tangential 
Pore Types  Primary interparticle 
Quartz  Monocrystalline, Polycrystalline 
Feldspar   
Rock Fragments   
Heavy Minerals   
Opaques  Organics, stylolites 
Allochems/Bioclasts   
Micas  Muscovite 
Clays  Authigenic 
Matrix/Cement  Quartz overgrowth, clays 
Authigenic minerals  Quartz overgrowth, clays 
LOG DATA   
Calcimetry/Permeability 
(K)/Permeability (K) 
 Nil, excellent K 
Depo. Enviro. (Firmg’d, Petrel)  Middle shoreface 
   
Comments/Notes   
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Left: Plain polarised light,                               FOV = 3.65 mm Right:  Crossed polarised light 
  
Sample Depth (m): 4418.83 Well: Torosa 1 
Rock Classn (Folk, Mount)  Sandy Biosparite 
Texture   
 Sorting (Phi Φ)  Moderate 
Grain size  (Wentworth )  Medium to very fine 
Roundness  Angular to sub-rounded 
Crystalline Fabric   
Packing/Grain contacts (Young)  Floating, suture, point, concavo-convex 
Pore Types   
Quartz  Monocrystalline 
Feldspar   
Rock Fragments   
Heavy Minerals   
Opaques  Stylolites, organics 
Allochems/Bioclasts   
Micas   
Clays  Authigenic 
Matrix/Cement  Calcite,  Quartz overgrowth 
Authigenic minerals  Quartz overgrowth, clays, calcite 
LOG DATA   
Calcimetry/Permeability 
(K)/Permeability (K) 
 Well, poor K 
Depo. Enviro. (Firmg’d, Petrel)  Middle shoreface 
   
Comments/Notes   
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Left: Plain polarised light,                                FOV = 7.3 mm Right:  Crossed polarised light 
  
Sample Depth (m): 4425.52 Well: Torosa 1 
Rock Classn (Folk, Mount)  Sandy Biosparite 
Texture   
 Sorting (Phi Φ)  Poor 
Grain size  (Wentworth )  Very coarse to very fine 
Roundness  Sub-rounded to sub-angular 
Crystalline Fabric   
Packing/Grain contacts (Young)  Point, sutured 
Pore Types   
Quartz  Monocrystalline, Polycrystalline 
Feldspar   
Rock Fragments   
Heavy Minerals   
Opaques  Organics 
Allochems/Bioclasts  Brachiopod, mollusc,  
Micas   
Clays   
Matrix/Cement  Calcite  Quartz overgrowth 
Authigenic minerals  Calcite,  Quartz overgrowth 
LOG DATA   
Calcimetry/Permeability 
(K)/Permeability (K) 
 Well, nil K 
Depo. Enviro. (Firmg’d, Petrel)  Middle shoreface 
   
Comments/Notes   
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Left: Plain polarised light,                                                   FOV = 7.3 mm Right:  Crossed polarised light 
  
Sample Depth (m): 4247.56 Well: Torosa 4 
Rock Classn (Folk, Mount)  Sandy Biosparite 
Texture   
 Sorting (Phi Φ)  Moderate to well 
Grain size  (Wentworth )  Coarse to fine 
Roundness  Angular to rounded 
Texture   
Packing/Grain contacts  Point, suture, floating 
Pore Types   
Quartz  Polycrystalline, Monocrystalline 
Feldspar   
Rock Fragments  Some 
Heavy Minerals   
Opaques  Organics 
Allochems/Bioclasts  Ooid, mollusc, gastropod 
Micas   
Clays   
Matrix/Cement  Quartz overgrowth, calcite 
Authigenic minerals  Quartz overgrowth, calcite 
LOG DATA   
Calcimetry/Permeability (K)  Poor, poor K 
Depo. Enviro. (Firmg’d, Petrel)  Lower shoreface 
Comments/Notes   
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Left: Plain polarised light,                                                  FOV = 7.3 mm Right:  Crossed polarised light 
 
 
 
 
Sample Depth (m): 4248.43 Well: Torosa 4 
Rock Classn (Folk, Mount)  Sandy Biosparite            
Texture   
 Sorting (Phi Φ)  Moderate 
Grain size  (Wentworth )  Coarse to medium 
Roundness  Sub-angular to rounded 
Texture   
Packing/Grain contacts  Floating, point 
Pore Types   
Quartz  Monocrystalline 
Feldspar   
Rock Fragments  Some 
Heavy Minerals   
Opaques  Organics, stylolites 
Allochems/Bioclasts   
Micas   
Clays   
Matrix/Cement  Calcite,  Quartz overgrowth 
Authigenic minerals  Calcite, Quartz overgrowth 
LOG DATA   
Calcimetry/Permeability (K)  Very well, poor K 
Depo. Enviro. (Firmg’d, Petrel)  Tidal channel 
Comments/Notes   
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Left: Plain polarised light,                                                FOV = 3.65 mm Right:  Crossed polarised light 
  
Sample Depth (m): 4251.45 Well: Torosa 4 
Rock Classn (Folk, Mount)  Quartzarenite            Q: 97.4, F: 0, L: 2.6 (%) 
Texture   
 Sorting (Phi Φ)  Poor to moderate 
Grain size  (Wentworth )  Coarse to fine 
Roundness  Rounded to sub-angular 
Texture   
Packing/Grain contacts  Point, floating 
Pore Types  Primary, moldic, interparticle 
Quartz  Polycrystalline, Monocrystalline 
Feldspar   
Rock Fragments   
Heavy Minerals   
Opaques  Stylolites, organics 
Allochems/Bioclasts  Gastropod, mollusc, brachiopod, echinoderm 
Micas   
Clays   
Matrix/Cement  Calcite,  Quartz overgrowth 
Authigenic minerals  Calcite,  Quartz overgrowth, clays? 
LOG DATA   
Calcimetry/Permeability 
(K)/Permeability (K) 
 Poor, moderate K 
Depo. Enviro. (Firmg’d, Petrel)  Tidal channel 
Comments/Notes   
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Left: Plain polarised light,                                                  FOV = 3.65 mm Right:  Crossed polarised light 
 
 
 
 
Sample Depth (m): 4252.69 Well: Torosa 4 
Rock Classn (Folk, Mount)  Sandy Biosparite 
Texture   
 Sorting (Phi Φ)  Poor 
Grain size  (Wentworth )  Very coarse to fine 
Roundness  Sub-angular to rounded 
Texture   
Packing/Grain contacts  Suture, concavo-convex, point 
Pore Types  Primary interparticle 
Quartz  Monocrystalline 
Feldspar   
Rock Fragments   
Heavy Minerals  Pyrite 
Opaques  Pyrite, organics 
Allochems/Bioclasts  Gastropod, mollusc, brachiopod 
Micas   
Clays   
Matrix/Cement  Calcite,   Quartz overgrowth 
Authigenic minerals  Calcite,   Quartz overgrowth 
LOG DATA   
Calcimetry/Permeability (K)  Medium, poor K 
Depo. Enviro. (Firmg’d, Petrel)  Tidal channel 
Comments/Notes   
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Left: Plain polarised light,                                                 FOV = 7.3 mm Right:  Crossed polarised light 
  
Sample Depth (m): 4252.81 Well: Torosa 4 
Rock Classn (Folk, Mount)  Allochemic Sublitharenite            Q: 93.5, F: 0, L: 6.5 (%) 
Texture   
 Sorting (Phi Φ)  Poor 
Grain size  (Wentworth )  Very coarse to fine 
Roundness  Angular to rounded 
Texture   
Packing/Grain contacts  Concavo-convex, point, stylolites 
Pore Types  Primary intergranular 
Quartz  Monocrystalline 
Feldspar   
Rock Fragments   
Heavy Minerals  Pyrite 
Opaques  Stylolites, organics pyrite 
Allochems/Bioclasts  Mollusc, brachiopod, ooid, ostracod? 
Micas   
Clays  Authigenic 
Matrix/Cement  Calcite,   Quartz overgrowth, clays 
Authigenic minerals  Calcite,   Quartz overgrowth, clays 
LOG DATA   
Calcimetry/Permeability 
(K)/Permeability (K) 
 Medium, poor K 
Depo. Enviro. (Firmg’d, Petrel)  Tidal channel 
Comments/Notes   
 
 
 
 
163 
 
 
  
Left: Plain polarised light,                                                   FOV = 7.3 mm Right:  Crossed polarised light 
  
Sample Depth (m): 4253.44 Well: Torosa 4 
Rock Classn (Folk, Mount)  Sandy Biosparite         
Texture   
 Sorting (Phi Φ)  Moderate 
Grain size  (Wentworth )  Very coarse to medium/fine to very fine 
Roundness  Sub-angular to well rounded 
Texture   
Packing/Grain contacts  Floating, point 
Pore Types  Secondary dissolution 
Quartz  Polycrystalline, Monocrystalline 
Feldspar   
Rock Fragments   
Heavy Minerals   
Opaques  Stylolites 
Allochems/Bioclasts  Brachiopods, mollusc, echinoderm, gastropod 
Micas   
Clays   
Matrix/Cement  Calcite 
Authigenic minerals  Calcite,   minor Quartz overgrowth 
LOG DATA   
Calcimetry/Permeability (K)  Medium, poor K 
Depo. Enviro. (Firmg’d, Petrel)  Tidal to subtidal flat 
Comments/Notes   
 
 
 
 
164 
 
 
 
  
Left: Plain polarised light,                                                  FOV = 3.65 mm Right:  Crossed polarised light 
  
Sample Depth (m): 4259.45 Well: Torosa 4 
Rock Classn (Folk, Mount)  Sandy Biosparite 
Texture   
 Sorting (Phi Φ)  Moderate 
Grain size  (Wentworth )  Very coarse to fine 
Roundness  Angular to rounded 
Texture   
Packing/Grain contacts  Suture, point, floating 
Pore Types   
Quartz  Polycrystalline, Monocrystalline 
Feldspar   
Rock Fragments  Some 
Heavy Minerals   
Opaques  Organics 
Allochems/Bioclasts  Mollusc, ooid,  
Micas  Muscovite 
Clays   
Matrix/Cement  Calcite 
Authigenic minerals  Calcite 
LOG DATA   
Calcimetry/Permeability 
(K)/Permeability (K) 
 Medium, poor K 
Depo. Enviro. (Firmg’d, Petrel)  Subtidal sand flat 
Comments/Notes   
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Left: Plain polarised light,                                                  FOV = 7.3 mm Right:  Crossed polarised light 
  
Sample Depth (m): 4260.76 Well: Torosa 4 
Rock Classn (Folk, Mount)  Sandy Biosparite         
Texture   
 Sorting (Phi Φ)  Poor 
Grain size  (Wentworth )  Granule to fine 
Roundness  Sub-rounded 
Texture   
Packing/Grain contacts  Floating, point, suture 
Pore Types  Primary interparticle 
Quartz  Monocrystalline 
Feldspar   
Rock Fragments   
Heavy Minerals   
Opaques  Organics, stylolite 
Allochems/Bioclasts  Gastropod, ooid, brachiopod 
Micas   
Clays   
Matrix/Cement  Quartz overgrowth, calcite 
Authigenic minerals  Quartz overgrowth, calcite  
LOG DATA   
Calcimetry/Permeability (K)  Very well, poor K 
Depo. Enviro. (Firmg’d, Petrel)  Tidal channel 
Comments/Notes   
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Left: Plain polarised light,                                                  FOV = 7.3 mm Right:  Crossed polarised light 
  
Sample Depth (m): 4260.88 Well: Torosa 4 
Rock Classn (Folk, Mount)  Sandy Biosparite          
Texture   
 Sorting (Phi Φ)  Poor to very poor 
Grain size  (Wentworth )  Granule to very fine 
Roundness  Angular 
Texture   
Packing/Grain contacts  Point, floating 
Pore Types   
Quartz  Polycrystalline, Monocrystalline 
Feldspar   
Rock Fragments   
Heavy Minerals   
Opaques  Stylolite 
Allochems/Bioclasts  Brachiopod, ooid, mollusc, echinoderm, 
Micas   
Clays   
Matrix/Cement  Quartz overgrowth, sparry calcite 
Authigenic minerals  Quartz overgrowth, sparry calcite 
LOG DATA   
Calcimetry/Permeability 
(K)/Permeability (K) 
 Very well, poor K 
Depo. Enviro. (Firmg’d, Petrel)  Tidal channel, subtidal sand flat 
Comments/Notes   
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Left: Plain polarised light,                                                  FOV = 7.3 mm Right:  Crossed polarised light 
  
Sample Depth (m): 4263.19 Well: Torosa 4 
Rock Classn (Folk, Mount)  Sandy Biosparite 
Texture   
 Sorting (Phi Φ)  Moderate 
Grain size  (Wentworth )  Coarse to very fine 
Roundness  Angular to sub-rounded 
Texture   
Packing/Grain contacts  Point, floating, suture 
Pore Types   
Quartz  Monocrystalline 
Feldspar   
Rock Fragments   
Heavy Minerals  Pyrite 
Opaques  Pyrite, stylolite 
Allochems/Bioclasts  Crinoid, Spicule? 
Micas   
Clays   
Matrix/Cement  Quartz overgrowth, calcite 
 Authigenic minerals  Quartz overgrowth, calcite 
LOG DATA   
Calcimetry/Permeability (K)  Nil to poor, poor K 
Depo. Enviro. (Firmg’d, Petrel)  Subtidal sand flat 
Comments/Notes   
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Left: Plain polarised light,                                                  FOV = 7.3 mm Right:  Crossed polarised light 
  
Sample Depth (m): 4266.45 Well: Torosa 4 
Rock Classn (Folk, Mount)  Oosparite          
Texture    
 Sorting (Phi Φ)  Moderate to well 
Grain size  (Wentworth )  Medium to fine 
Roundness  Rounded to sub-angular 
Texture   
Packing/Grain contacts  Floating, point, concavo-convex 
Pore Types   
Quartz  Monocrystalline 
Feldspar   
Rock Fragments  feldspar 
Heavy Minerals   
Opaques  Organics 
Allochems/Bioclasts  Ooids, gastropod, mollusc, echinoderm  
Micas   
Clays   
Matrix/Cement  Quartz overgrowth, calcite 
Authigenic minerals  Quartz overgrowth, calcite 
LOG DATA   
Calcimetry/Permeability (K)  Very well, poor K 
Depo. Enviro. (Firmg’d, Petrel)  Tidal channel 
Comments/Notes   
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Left: Plain polarised light,                                                  FOV = 7.3 mm Right:  Crossed polarised light 
  
Sample Depth (m): 4266.60 Well: Torosa 4 
Rock Classn (Folk, Mount)  Sandy Oosparite            
Texture   
 Sorting (Phi Φ)  Poor 
Grain size  (Wentworth)  Granule to fine 
Roundness  Rounded 
Texture   
Packing/Grain contacts  Point, floating 
Pore Types   
Quartz  Polycrystalline, Monocrystalline 
Feldspar   
Rock Fragments   
Heavy Minerals   
Opaques  Stylolite, organics 
Allochems/Bioclasts  Ooids, brachiopod, mollusc 
Micas   
Clays   
Matrix/Cement  Quartz overgrowth, calcite 
Authigenic minerals  Quartz overgrowth, calcite 
LOG DATA   
Calcimetry/Permeability (K)  Very well, poor K 
Depo. Enviro. (Firmg’d, Petrel)  Tidal bar (ooid shoal) 
Comments/Notes   
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Left: Plain polarised light,                                                  FOV = 7.3 mm Right:  Crossed polarised light 
  
Sample Depth (m): 4268.32 Well: Torosa 4 
Rock Classn (Folk, Mount)  Allochemic Quartzarenite            Q: 97.2, F: 0, L: 2.8 (%) 
Texture   
 Sorting (Phi Φ)  Moderate 
Grain size  (Wentworth )  Very coarse to very fine 
Roundness  Sub-angular to rounded 
Texture   
Packing/Grain contacts  Suture, point, concavo-convex 
Pore Types  Primary interparticle 
Quartz  Polycrystalline, Monocrystalline 
Feldspar   
Rock Fragments   
Heavy Minerals   
Opaques  Stylolite, organics 
Allochems/Bioclasts  Brachiopod, mollusc 
Micas   
Clays   
Matrix/Cement  Quartz overgrowth, calcite 
Authigenic minerals  Quartz overgrowth, calcite 
LOG DATA   
Calcimetry/Permeability (K)  Very well, poor K 
Depo. Enviro. (Firmg’d, Petrel)  Subtidal sand flat 
Comments/Notes   
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Left: Plain polarised light,                                                  FOV = 7.3 mm Right:  Crossed polarised light 
  
Sample Depth (m): 4268.39 Well: Torosa 4 
Rock Classn (Folk, Mount)  Sandy Biosparite         
Texture   
 Sorting (Phi Φ)  Poor 
Grain size  (Wentworth )  Granule to fine 
Roundness  Rounded 
Texture   
Packing/Grain contacts  Point, concavo-convex,  
Pore Types   
Quartz  Monocrystalline 
Feldspar   
Rock Fragments   
Heavy Minerals   
Opaques   
Allochems/Bioclasts  Ooids, peloids, mollusc, echinoderm 
Micas   
Clays   
Matrix/Cement  Quartz overgrowth, calcite 
Authigenic minerals  Quartz overgrowth, calcite 
LOG DATA   
Calcimetry/Permeability (K)  Very well, poor K 
Depo. Enviro. (Firmg’d, Petrel)  Tidal bar (ooid shoal) 
Comments/Notes   
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Left: Plain polarised light,                                                  FOV = 7.3 mm Right:  Crossed polarised light 
  
Sample Depth (m): 4270.36 Well: Torosa 4 
Rock Classn (Folk, Mount)  Sandy Packed Biosparite        
Texture   
 Sorting (Phi Φ)  Poor to moderate 
Grain size  (Wentworth )  Very coarse to fine 
Roundness  Angular to rounded 
Texture   
Packing/Grain contacts  Point, floating 
Pore Types   
Quartz  Monocrystalline 
Feldspar   
Rock Fragments   
Heavy Minerals   
Opaques  Organics 
Allochems/Bioclasts  Ooid, echinoderm, mollusc, gastropod 
Micas   
Clays   
Matrix/Cement  Calcite,  Quartz overgrowth 
Authigenic minerals  Quartz overgrowth, calcite 
LOG DATA   
Calcimetry/Permeability (K)  Very well, poor K 
Depo. Enviro. (Firmg’d, Petrel)  Tidal bar (ooid shoal) 
Comments/Notes   
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Left: Plain polarised light,                                                  FOV = 7.3 mm Right:  Crossed polarised light 
  
Sample Depth (m): 4272.49 Well: Torosa 4 
Rock Classn (Folk, Mount)  Sandy biosparite          
Texture   
 Sorting (Phi Φ)  Moderate to well 
Grain size  (Wentworth )  Very coarse to  very fine 
Roundness  angular 
Texture   
Packing/Grain contacts  Suture, point, floating 
Pore Types   
Quartz  Monocrystalline 
Feldspar   
Rock Fragments   
Heavy Minerals   
Opaques  Stylolite 
Allochems/Bioclasts  Mollusc, ooid 
Micas   
Clays   
Matrix/Cement  Quartz overgrowth, sparry calcite 
Authigenic minerals  Quartz overgrowth, sparry calcite 
LOG DATA   
Calcimetry/Permeability (K)  Very well, poor K 
Depo. Enviro. (Firmg’d, Petrel)  Tidal bar (oolitic) 
Comments/Notes   
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Left: Plain polarised light,                                                  FOV = 7.3 mm Right:  Crossed polarised light 
  
Sample Depth (m): 4273.70 Well: Torosa 4 
Rock Classn (Folk, Mount)  Sandy Biosparite       
Texture   
 Sorting (Phi Φ)  Moderate 
Grain size  (Wentworth )  Coarse to fine 
Roundness  Rounded 
Texture   
Packing/Grain contacts  Concavo-convex, point, floating 
Pore Types   
Quartz  Monocrystalline 
Feldspar   
Rock Fragments   
Heavy Minerals   
Opaques  Stylolite,  
Allochems/Bioclasts  Mollusc, ooids 
Micas   
Clays   
Matrix/Cement  Quartz overgrowth, sparry calcite 
Authigenic minerals  Quartz overgrowth, calcite 
LOG DATA   
Calcimetry/Permeability (K)  Very well, poor K 
Depo. Enviro. (Firmg’d, Petrel)  Tidal channel (ooid shoal) 
Comments/Notes   
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Left: Plain polarised light,                                                  FOV = 7.3 mm Right:  Crossed polarised light 
  
Sample Depth (m): 4273.76 Well: Torosa 4 
Rock Classn (Folk, Mount)  Sandy Oosparite        
Texture   
 Sorting (Phi Φ)  Moderate 
Grain size  (Wentworth )  Coarse to fine 
Roundness  Angular to rounded 
Texture   
Packing/Grain contacts  Floating, point 
Pore Types   
Quartz  Monocrystalline 
Feldspar   
Rock Fragments   
Heavy Minerals   
Opaques  Stylolite, organics 
Allochems/Bioclasts  Ooids, mollusc, echinoderm 
Micas   
Clays   
Matrix/Cement  Quartz overgrowth, sparry calcite 
Authigenic minerals  Quartz overgrowth, calcite 
LOG DATA   
Calcimetry/Permeability (K)  Very well, poor K 
Depo. Enviro. (Firmg’d, Petrel)  Tidal channel (ooid shoal) 
Comments/Notes   
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Left: Plain polarised light,                                                  FOV = 7.3 mm Right:  Crossed polarised light 
  
Sample Depth (m): 4273.85 Well: Torosa 4 
Rock Classn (Folk, Mount)  Sandy Biosparite       
Texture   
 Sorting (Phi Φ)  Moderate 
Grain size  (Wentworth )  Very coarse to very fine 
Roundness  Angular to rounded 
Texture   
Packing/Grain contacts  Floating, point 
Pore Types   
Quartz  Polycrystalline, Monocrystalline 
Feldspar   
Rock Fragments   
Heavy Minerals   
Opaques  Trace organics 
Allochems/Bioclasts  Brachiopod, mollusc 
Micas   
Clays  Authigenic 
Matrix/Cement  Calcite  
Authigenic minerals  Calcite  
LOG DATA   
Calcimetry/Permeability (K)  Very well, poor K 
Depo. Enviro. (Firmg’d, Petrel)  Tidal channel (ooid shoal) 
Comments/Notes   
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Left: Plain polarised light,                                                  FOV = 7.3 mm Right:  Crossed polarised light 
  
Sample Depth (m): 4276.84 Well: Torosa 4 
Rock Classn (Folk, Mount)  Sandy Biosparite        
Texture   
 Sorting (Phi Φ)  Poor 
Grain size  (Wentworth )  Very coarse to fine 
Roundness  Sub-rounded to rounded 
Texture   
Packing/Grain contacts  Floating, point 
Pore Types  Primary, intraparticle, interparticle 
Quartz  Monocrystalline 
Feldspar   
Rock Fragments   
Heavy Minerals   
Opaques  Stylolite 
Allochems/Bioclasts  Gastropod, mollusc, brachiopod, ooid 
Micas   
Clays   
Matrix/Cement  Quartz overgrowth, sparry calcite 
Authigenic minerals  Quartz overgrowth, calcite 
LOG DATA   
Calcimetry/Permeability (K)  Very well, poor K 
Depo. Enviro. (Firmg’d, Petrel)  Tidal channel (ooid shoal) 
Comments/Notes   
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Left: Plain polarised light,                                                 FOV = 3.65 mm Right:  Crossed polarised light 
  
Sample Depth (m): 4278.74 Well: Torosa 4 
Rock Classn (Folk, Mount)  Sandy Biosparite 
Texture   
 Sorting (Phi Φ)  Moderate 
Grain size  (Wentworth )  Coarse to fine 
Roundness  Angular 
Texture   
Packing/Grain contacts  Suture, point, floating 
Pore Types   
Quartz  Monocrystalline 
Feldspar   
Rock Fragments   
Heavy Minerals   
Opaques  Stylolites 
Allochems/Bioclasts  Brachiopod, mollusc, echinoderm 
Micas   
Clays   
Matrix/Cement  Quartz overgrowth, calcite 
Authigenic minerals  Quartz overgrowth, calcite 
LOG DATA   
Calcimetry/Permeability (K)  Poor, poor K 
Depo. Enviro. (Firmg’d, Petrel)  Subtidal sand flat 
Comments/Notes   
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Left: Plain polarised light,                                                 FOV = 7.3 mm Right:  Crossed polarised light 
  
Sample Depth (m): 4279.86 Well: Torosa 4 
Rock Classn (Folk, Mount)  Calcareous Quartzarenite            Q: 99.3, F: 0, L: 0.7 (%) 
Texture   
 Sorting (Phi Φ)  Poor 
Grain size  (Wentworth )  Very coarse to very fine 
Roundness  Angular to rounded 
Texture   
Packing/Grain contacts  Point, floating, tangential, 
Pore Types   
Quartz  Monocrystalline 
Feldspar   
Rock Fragments   
Heavy Minerals   
Opaques  Trace organics 
Allochems/Bioclasts  Mollusc, echinoderm, ooid 
Micas   
Clays   
Matrix/Cement  Quartz overgrowth, calcite 
Authigenic minerals  Quartz overgrowth, calcite 
LOG DATA   
Calcimetry/Permeability (K)  Well, poor K 
Depo. Enviro. (Firmg’d, Petrel)  Subtidal sand flat 
Comments/Notes   
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Left: Plain polarised light,                                                 FOV = 3.65 mm Right:  Crossed polarised light 
  
Sample Depth (m): 4280.71 Well: Torosa 4 
Rock Classn (Folk, Mount)  Sandy Oosparite      
Texture   
 Sorting (Phi Φ)  Moderate 
Grain size  (Wentworth )  Coarse to very fine 
Roundness  Angular 
Texture   
Packing/Grain contacts  Floating, point 
Pore Types   
Quartz  Polycrystalline, Monocrystalline 
Feldspar   
Rock Fragments   
Heavy Minerals   
Opaques  Organics 
Allochems/Bioclasts  Arenite intraclast, ooid, brachiopod 
Micas   
Clays   
Matrix/Cement  Quartz overgrowth, sparry calcite 
Authigenic minerals  Quartz overgrowth, sparry calcite 
LOG DATA   
Calcimetry/Permeability (K)  Very well, poor K 
Depo. Enviro. (Firmg’d, Petrel)  Tidal channel 
Comments/Notes   
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Left: Plain polarised light,                                                  FOV = 1.44 mm Right:  Crossed polarised light 
  
Sample Depth (m): 4285.73 Well: Torosa 4 
Rock Classn (Folk, Mount)  Sandy Biosparite 
Texture   
 Sorting (Phi Φ)  Poor 
Grain size  (Wentworth )  Very coarse to fine 
Roundness  Angular to sub-rounded 
Texture   
Packing/Grain contacts  Point, floating 
Pore Types   
Quartz  Monocrystalline 
Feldspar   
Rock Fragments   
Heavy Minerals   
Opaques  Stylolite, organics 
Allochems/Bioclasts  Brachiopod, mollusc, ooid, echinoderm, Spicule? 
Micas   
Clays   
Matrix/Cement  Quartz overgrowth, calcite 
Authigenic minerals  Quartz overgrowth, calcite 
LOG DATA   
Calcimetry/Permeability (K)  Poor, poor K 
Depo. Enviro. (Firmg’d, Petrel)  Tidal bar (ooid shoal) 
Comments/Notes   
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Left: Plain polarised light,                                                  FOV = 3.65 mm Right:  Crossed polarised light 
  
Sample Depth (m): 4286.63 Well: Torosa 4 
Rock Classn (Folk, Mount)  Calcareous Quartzarenite            Q: 97.7, F: 1.2, L: 1.2 (%) 
Texture   
 Sorting (Phi Φ)  Moderate 
Grain size  (Wentworth )  Medium to very fine 
Roundness  Angular to sub-rounded 
Texture   
Packing/Grain contacts  Suture, concavo-convex, tangential 
Pore Types  Primary interparticle 
Quartz  Monocrystalline 
Feldspar   
Rock Fragments   
Heavy Minerals  Pyrite 
Opaques  Pyrite, organics 
Allochems/Bioclasts   
Micas   
Clays  Authigenic 
Matrix/Cement  Quartz overgrowth, calcite 
Authigenic minerals  Quartz overgrowth, calcite, clay 
LOG DATA   
Calcimetry/Permeability (K)  Poor, poor K 
Depo. Enviro. (Firmg’d, Petrel)  Subtidal sand flat 
Comments/Notes   
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Left: Plain polarised light,                                                  FOV = 1.44 mm Right:  Crossed polarised light 
  
Sample Depth (m): 4286.85 Well: Torosa 4 
Rock Classn (Folk, Mount)  Pyritic Subarkose            Q: 93.7, F: 4.4, L: 1.9 (%) 
Texture   
 Sorting (Phi Φ)  Moderate 
Grain size  (Wentworth )  Coarse to fine 
Roundness  Angular to sub-rounded 
Texture   
Packing/Grain contacts  Suture, concavo-convex 
Pore Types   
Quartz  Monocrystalline 
Feldspar   
Rock Fragments   
Heavy Minerals   
Opaques  Stylolite 
Allochems/Bioclasts   
Micas   
Clays   
Matrix/Cement  Quartz overgrowth, stylolites 
Authigenic minerals  Quartz overgrowth, calcite 
LOG DATA   
Calcimetry/Permeability (K)  Medium, poor K 
Depo. Enviro. (Firmg’d, Petrel)  Subtidal sand flat 
Comments/Notes   
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Left: Plain polarised light,                                                   FOV = 3.65 mm Right:  Crossed polarised light 
  
Sample Depth (m): 4289.03 Well: Torosa 4 
Rock Classn (Folk, Mount)  Quartzarenite            Q: 96.6, F: 1.5, L: 2.0 (%) 
Texture   
 Sorting (Phi Φ)  Poor 
Grain size  (Wentworth )  Very coarse to very fine 
Roundness  Angular to rounded 
Texture   
Packing/Grain contacts  Tangential, concavo-convex, stylolite 
Pore Types  Primary interparticle 
Quartz  Monocrystalline 
Feldspar   
Rock Fragments   
Heavy Minerals   
Opaques  Stylolite 
Allochems/Bioclasts   
Micas   
Clays  authigenic 
Matrix/Cement  Quartz overgrowth, calcite 
Authigenic minerals  Quartz overgrowth, calcite 
LOG DATA   
Calcimetry/Permeability (K)  Nil, poor K 
Depo. Enviro. (Firmg’d, Petrel)  Tidal channel (storm level) 
Comments/Notes   
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Left: Plain polarised light,                                                  FOV = 3.65 mm Right:  Crossed polarised light 
  
Sample Depth (m): 4289.90 Well: Torosa 4 
Rock Classn (Folk, Mount)  Quartzarenite            Q: 96.6, F: 1.5, L: 2.0 (%) 
Texture   
 Sorting (Phi Φ)  Poor 
Grain size  (Wentworth )  Pebble to fine 
Roundness  Angular to rounded 
Texture   
Packing/Grain contacts  Tangential, concavo-convex, stylolite 
Pore Types  Primary interparticle, fracture 
Quartz  Monocrystalline, Polycrystalline 
Feldspar   
Rock Fragments   
Heavy Minerals  Pyrite 
Opaques  Stylolite, pyrite 
Allochems/Bioclasts   
Micas   
Clays  authigenic 
Matrix/Cement  Quartz overgrowth, calcite 
Authigenic minerals  Quartz overgrowth, calcite 
LOG DATA   
Calcimetry/Permeability (K)  Nil, poor K 
Depo. Enviro. (Firmg’d, Petrel)  Tidal channel (storm level) 
Comments/Notes   
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Left: Plain polarised light,                                                  FOV = 3.65 mm Right:  Crossed polarised light 
  
Sample Depth (m): 4295.43 Well: Torosa 4 
Rock Classn (Folk, Mount)  Quartzarenite            Q: 97.6, F: 0, L: 2.4 (%) 
Texture   
 Sorting (Phi Φ)  Moderate 
Grain size  (Wentworth )  Very coarse to fine 
Roundness  Angular to rounded 
Texture   
Packing/Grain contacts  Tangential, concavo-convex, stylolite 
Pore Types  Primary interparticle 
Quartz  Polycrystalline, Monocrystalline 
Feldspar   
Rock Fragments   
Heavy Minerals   
Opaques  Stylolite, organics 
Allochems/Bioclasts   
Micas   
Clays  authigenic 
Matrix/Cement  Quartz overgrowth, calcite 
Authigenic minerals  Quartz overgrowth, calcite 
LOG DATA   
Calcimetry/Permeability (K)  Nil, excellent K 
Depo. Enviro. (Firmg’d, Petrel)  Tidal channel 
Comments/Notes   
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Left: Plain polarised light,                                                  FOV = 3.65 mm Right:  Crossed polarised light 
  
Sample Depth (m): 4307.55 Well: Torosa 4 
Rock Classn (Folk, Mount)  Quartzarenite            Q: 99.5, F: 0, L: 0.5 (%) 
Texture   
 Sorting (Phi Φ)  Moderately well 
Grain size  (Wentworth )  Medium to fine 
Roundness  Angular to rounded 
Texture   
Packing/Grain contacts  Tangential, concavo-convex, stylolite 
Pore Types  Primary interparticle 
Quartz  Monocrystalline 
Feldspar   
Rock Fragments   
Heavy Minerals  Pyrite 
Opaques   Pyrite, organics 
Allochems/Bioclasts   
Micas   
Clays  authigenic 
Matrix/Cement  Quartz overgrowth, calcite 
Authigenic minerals  Quartz overgrowth, calcite 
LOG DATA   
Calcimetry/Permeability (K)  n/a, excellent K 
Depo. Enviro. (Firmg’d, Petrel)  Tidal bars 
Comments/Notes   
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Left: Plain polarised light,                                                  FOV = 7.3 mm Right:  Crossed polarised light 
  
Sample Depth (m): 4333.12 Well: Torosa 4 
Rock Classn (Folk, Mount)  Calcareous Quartzarenite            Q: 97.8, F: 1.1, L: 1.1 (%) 
Texture   
 Sorting (Phi Φ)  Well 
Grain size  (Wentworth )  Medium to very fine 
Roundness  Sub-angular to rounded 
Texture   
Packing/Grain contacts  Tangential, floating , stylolite 
Pore Types  Primary interparticle 
Quartz  Polycrystalline, Monocrystalline 
Feldspar   
Rock Fragments   
Heavy Minerals   
Opaques  Organics, stylolite 
Allochems/Bioclasts   
Micas   
Clays  Authigenic 
Matrix/Cement  Quartz overgrowth (qtz o.g.), micritic calcite 
Authigenic minerals  Quartz overgrowth,  micritic calcite 
LOG DATA   
Calcimetry/Permeability (K)  n/a, excellent K 
Depo. Enviro. (Firmg’d, Petrel)  Tidal bars 
Comments/Notes   
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Left: Plain polarised light,                                                  FOV = 3.65 mm Right:  Crossed polarised light 
  
Sample Depth (m): 4333.77 Well: Torosa 4 
Rock Classn (Folk, Mount)  Quartzarenite            Q: 98.5, F: 1.0, L: 0.5 (%) 
Texture   
 Sorting (Phi Φ)  Moderate to well 
Grain size  (Wentworth )  Medium to very fine 
Roundness  Rounded to angular 
Texture   
Packing/Grain contacts  Tangential, floating, concavo-convex 
Pore Types  Primary interparticle 
Quartz  Monocrystalline 
Feldspar   
Rock Fragments   
Heavy Minerals   
Opaques  Trace organics 
Allochems/Bioclasts   
Micas   
Clays  Authigenic 
Matrix/Cement  Tangential, floating , sparry calcite 
Authigenic minerals  Tangential, floating , calcite 
LOG DATA   
Calcimetry/Permeability (K)  n/a, good K 
Depo. Enviro. (Firmg’d, Petrel)  Subtidal sand flat 
Comments/Notes   
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Left: Plain polarised light,                                                  FOV = 3.65 mm Right:  Crossed polarised light 
  
Sample Depth (m): 4333.95 P 
 
 
 
95a 
Well: Torosa 4 
Rock Classn (Folk, Mount)  Quartzarenite            Q: 95.8, F: 2.4, L: 1.8 (%) 
Texture   
 Sorting (Phi Φ)  Well 
Grain size  (Wentworth )  Medium to fine 
Roundness  Angular to rounded 
Texture   
Packing/Grain contacts  Tangential, concavo-convex, point 
Pore Types  Primary interparticle 
Quartz  Polycrystalline, Monocrystalline 
Feldspar   
Rock Fragments   
Heavy Minerals  Pyrite 
Opaques   Pyrite, organics 
Allochems/Bioclasts   
Micas   
Clays  authigenic 
Matrix/Cement  Quartz overgrowth (qtz o.g.), micritic  calcite 
Authigenic minerals  Quartz overgrowth 
LOG DATA   
Calcimetry/Permeability (K)  n/a. Good K 
Depo. Enviro. (Firmg’d, Petrel)  Subtidal sand flat 
Comments/Notes   
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Left: Plain polarised light,                                                  FOV = 1.44 mm Right:  Crossed polarised light 
  
Sample Depth (m): 4333.95 C Well: Torosa 4 
Rock Classn (Folk, Mount)  Calcareous Quartzarenite            Q: 98.7, F: 0.6, L: 0.6 (%) 
Texture   
 Sorting (Phi Φ)  Moderate to well 
Grain size  (Wentworth )  Coarse to fine 
Roundness  Angular to rounded 
Texture   
Packing/Grain contacts  Tangential, floating, point 
Pore Types  Primary interparticle 
Quartz  Monocrystalline 
Feldspar   
Rock Fragments   
Heavy Minerals   
Opaques  Organics  
Allochems/Bioclasts   
Micas   
Clays  authigenic 
Matrix/Cement  Quartz overgrowth (qtz o.g.), micritic  calcite 
Authigenic minerals  Quartz overgrowth, intergranular calcite 
LOG DATA   
Calcimetry/Permeability (K)  n/a. Good K 
Depo. Enviro. (Firmg’d, Petrel)  Subtidal sand flat 
Comments/Notes   
 
 
 
 
192 
 
 
 
 
 
Left: Plain polarised light,                                                  FOV = 3.65 mm Right:  Crossed polarised light 
  
Sample Depth (m): 4347.79 Well: Torosa 4 
Rock Classn (Folk, Mount)  Calcareous Quartzarenite            Q: 98.4, F: 0.5, L: 1.1 (%) 
Texture   
 Sorting (Phi Φ)  Poor to moderate 
Grain size  (Wentworth )  Coarse to very fine 
Roundness  Sub-angular to rounded 
Texture   
Packing/Grain contacts  Tangential, point , suture 
Pore Types  Primary interparticle 
Quartz  Polycrystalline, Monocrystalline 
Feldspar   
Rock Fragments  Some 
Heavy Minerals   
Opaques  Organics, stylolite 
Allochems/Bioclasts   
Micas   
Clays  Authigenic 
Matrix/Cement  Quartz overgrowth, micritic calcite 
Authigenic minerals  Quartz overgrowth,  micritic calcite 
LOG DATA   
Calcimetry/Permeability (K)  n/a, moderate K 
Depo. Enviro. (Firmg’d, Petrel)  Tidal bars 
Comments/Notes  24m above top of volcanics (4371.65m) 
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Appendix B 
Collated Point Counting Data 
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Table below is a truncated portion of raw point 
c unting data exported to MS Excel™ from 
Petrog ©. 
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Appendix C 
Grain Size Frequency Curves – Torosa 1 
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Grain Size Frequency Curves 4302.41m – 4306.56m 
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Grain Size Frequency Curves 4322.42m – 4326.03m 
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Grain Size Frequency Curves 4326.60m – 4328.98m 
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Grain Size Frequency Curves 4342.12m – 4345.90m 
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Grain Size Frequency Curves 4347.02m – 4349.19m 
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Grain Size Frequency Curves 4351.67m – 4352.61m 
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Grain Size Frequency Curves 4354.75m – 4362.03m 
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Grain Size Frequency Curves 4362.53m – 4365.25m 
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Grain Size Frequency Curves 4365.40m – 4370.85m 
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Grain Size Frequency Curves 4371.70m – 4374.93m 
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Grain Size Frequency Curves 4375.71m – 4383.35m 
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Grain Size Frequency Curves 4383.47m – 4387.33m 
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Grain Size Frequency Curves 4387.88m – 4389.04m 
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Grain Size Frequency Curves 4389.60m – 4399.41m 
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Grain Size Frequency Curves 4407.67m – 4425.52m 
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Grain Size Frequency Curves – Torosa 4 
Grain Size Frequency Curves 4247.56m – 4252.69m 
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Grain Size Frequency Curves 4252.81m – 4259.45m 
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Grain Size Frequency Curves 4260.76m – 4266.45m 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
0
5
10
15
20
25
30
35
40
45
50
-2 -1 0 1 2 3 4 5 6
Fr
e
q
u
e
n
cy
 (%
)
Grain Size Φ
T4  4260.76m
MGS: 0.29 Φ
Sorting: 0.2 Φ SD
All 
Allochems
42.3%
All 
Siliciclastic
13.1%
Auth Calc 
Cement
38.6%
Qtz O 
Cement
0.7%
All 
Porosity
5.4%
T4  4260.76m
0
5
10
15
20
25
30
35
40
45
50
-2 -1 0 1 2 3 4 5 6
Fr
e
q
u
e
n
cy
 (%
)
Grain Size Φ
T4  4260.88m
MGS: 0.33 Φ
Sorting: 0.31 Φ SD
All 
Allochems
43.2%
All 
Siliciclastic
9.1%
Auth Calc 
Cement
46.0%
Qtz O 
Cement
1.1%
All 
Porosity
0.7%
T4  4260.88m
0
5
10
15
20
25
30
35
40
45
50
-2 -1 0 1 2 3 4 5 6
Fr
e
q
u
e
n
cy
 (%
)
Grain Size Φ
T4  4263.19m
MGS: 0.14 Φ
Sorting: 0.06 Φ SD
All 
Allochems
3.1%
All 
Siliciclastic
49.2%
Auth Calc 
Cement
46.1%
Qtz O 
Cement
1.2%
All 
Porosity
0.4%
T4  4263.19m
0
5
10
15
20
25
30
35
40
45
50
-2 -1 0 1 2 3 4 5 6
Fr
e
q
u
e
n
cy
 (%
)
Grain Size Φ
T4  4266.45m
MGS: 0.48 Φ
Sorting: 0.23 Φ SD
All 
Allochems
57.1%
All 
Siliciclastic
8.4%
Auth Calc 
Cement
34.1%
Qtz O 
Cement
0.3%
All Porosity
0.0%
T4  4266.45m
: 0.79 Φ 
i : 1.36 Φ SD 
: 0.62 Φ 
i : 0.69 Φ SD 
: 1.79 Φ 
i : 2.94 Φ SD 
Torosa 1 - Petrology 
234 
 
 
Grain Size Frequency Curves 4266.60m – 4270.36m 
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Grain Size Frequency Curves 4272.49m – 4273.85m 
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Grain Size Frequency Curves 4276.84m – 4280.71m 
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Grain Size Frequency Curves 4285.73m – 4289.03m 
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Grain Size Frequency Curves 4289.90m – 4333.12m 
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Grain Size Frequency Curves 4333.12m – 4333.95(b) m 
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Appendix D 
Sandstones Compaction & Cementation Table and Charts 
Appendix D: Siliciclastics Compaction & Cementation    234 
IGV Intergranular Volume % = Porosity + Cement  
OP Original Porosity %  - from Table 3 in Beard & Weyl (1973) p.352 > 20 Very High
COPL Compactional Porosity Loss % > 10 - ≤ 20 High
CEM Volume % Intergranular Cement > 5 - ≤ 10 Moderate
> 2.5 - ≤ 5 Low
COPL = = Pi  - (((100 - Pi) x Pmc)/(100 - Pmc)) from Lundegard (1992) > 0 - ≤ 2.5 Very Low
0 None
COMPACTION OF SILICICLASTICS
Well Depth (m)
Sample 
Location
Classification Sorting
Grain 
Size
Silisi-
clastic
IGV 
%
CEM% OP %
COPL 
(Ehrenberg)
Allochem %
Allochem 
Ranking
Torosa_1 4367.28 Allochemic Sublitharenite mod-well c-f Yes 19.6 6 36.5 46.3 31.0 Very High
Torosa_1 4366.95 Allochemic Sublitharenite poor c-vf Yes 30.2 26 30.7 1.6 27.3 Very High
Torosa_1 4343.17 Upper Subarkose Moderate m-vf Yes 33.6 17.6 34 1.2 20.7 Very High
Torosa_1 4354.75 Calcareous Sublitharenite poor vc-vf Yes 31.6 31.6 30.7 0.0 19.7 High
Torosa_1 4425.52 Allochemic Lithicwacke poor vc-vf Yes 22.9 20.3 30.7 25.4 17.7 High
Torosa_1 4351.67 Calcareous Sublitharenite moderate m-vf Yes 27.9 26.9 34 17.9 17.0 High
Torosa_1 4349.19 Calcareous Sublitharenite well m-f Yes 30.6 30.6 39 21.5 14.0 High
Torosa_1 4347.02 Calcareous Lithicwacke moderate m-f Yes 22.6 17.6 34 33.5 12.7 High
Torosa_1 4352.16 Lower Subarkose moderate vf-c Yes 4.3 2 34 87.4 6.3 Moderate
Torosa_1 4365.25 Calcareous Sublitharenite poor vc-vf Yes 19.3 8.3 30.7 37.1 6.3 Moderate
Torosa_1 4362.53 Sublitharenite well m-vf Yes 20.9 7 39 46.4 6.0 Moderate
Torosa_1 4362.86 Allochemic Sublitharenite moderate m-vf Yes 14 4.7 34 58.8 5.3 Moderate
Torosa_1 4386.03 Calcareous Sublitharenite mod-well m-vf Yes 24.3 12.3 36.5 33.4 5.3 Moderate
Torosa_1 4361.36 Calcareous Sublitharenite mod-well m-vf Yes 14 14 36.5 61.6 5.0 Moderate
Torosa_1 4388.80 Calcareous Sublitharenite moderate m-vf Yes 17.6 16.3 34 48.2 3.7 Low
Torosa_1 4362.03 Subarkose moderate m-vf Yes 27.9 1.3 34 17.9 2.3 Very Low
Torosa_1 4360.21 Calcareous Sublitharenite moderate c-vf Yes 19.6 19.3 34 42.4 2.0 Very Low
Torosa_1 4378.65 Sublitharenite mod-well m-vf Yes 2 2 36.5 94.5 2.0 Very Low
Torosa_1 4352.61 Upper Calcareous Sublitharenite mod-well m-vf Yes 9.3 9.3 36.5 74.5 1.3 Very Low
Torosa_1 4389.04 Calcareous Sublitharenite moderate m-vf Yes 27.6 12.3 34 18.8 1.3 Very Low
Torosa_1 4363.93 Quartzarenite moderate m-vf Yes 3.3 1.7 34 90.3 1.0 Very Low
Torosa_1 4388.42 Quartzarenite poor clay-c Yes 23.9 3.3 30.7 22.1 1.0 Very Low
Torosa_1 4370.85 Quartzarenite mod-well m-vf Yes 30.9 6.3 36.5 15.3 0.7 Very Low
Torosa_1 4383.35 Sublitharenite moderate c-vf Yes 22.6 10 34 33.5 0.7 Very Low
Torosa_1 4345.90 Sublitharenite mod-well f Yes 12.6 3.7 36.5 65.5 0.3 Very Low
Torosa_1 4383.47 Lithicwacke mod-well vf-c Yes 2.7 0.7 36.5 92.6 0.3 Very Low
Torosa_1 4302.41 Quartzarenite mod-well m-f Yes 17.6 2.7 36.5 51.8 0.0 None
Torosa_1 4303.98 Quartzarenite moderate m-f Yes 28.6 9 34 15.9 0.0 None
Torosa_1 4306.37 Quartzarenite moderate c-f Yes 27.9 16.9 34 17.9 0.0 None
Torosa_1 4322.42 Quartzwacke well m-vf Yes 2.7 0.01 39 93.1 0.0 None
Torosa_1 4322.60 Quartzwacke mod-well f-vf Yes 15.9 2.3 36.5 56.4 0.0 None
Torosa_1 4326.03 Quartzwacke well f-silt Yes 10.6 0.3 39 72.8 0.0 None
Torosa_1 4326.60 Allochemic Lithicwacke mod-well f-silt Yes 5.6 0.01 36.5 84.7 0.0 None
Torosa_1 4327.98 Calcareous Sublitharenite mod-well f-vf Yes 2.3 0.3 36.5 93.7 0.0 None
Torosa_1 4371.70 Quartzwacke poor-moderate m-silt Yes 2.3 1 32.4 92.9 0.0 None
Torosa_1 4373.70 Quartzwacke poor-moderate vc-f Yes 15.3 6.3 32.4 52.8 0.0 None
Torosa_1 4374.93 Calcareous Sublitharenite mod-well f-vf Yes 43.5 43.2 36.5 0.0 0.0 None
Torosa_1 4375.71 Quartzarenite well c-f Yes 21.9 8.3 39 43.8 0.0 None
Torosa_1 4387.33 Quartzwacke well m-vf Yes 5.6 2 39 85.6 0.0 None
Torosa_1 4389.60 Quartzwacke poor-moderate m-vf Yes 14.3 1.3 32.4 55.9 0.0 None
Torosa_1 4392.40 Quartzarenite well m-vf Yes 29.2 10 39 25.1 0.0 None
Torosa_1 4399.41 Quartzwacke moderate m-vf Yes 12.6 3 34 62.9 0.0 None
Torosa_1 4407.67 Lithicwacke mod-well m-vf Yes 19.9 3.3 36.5 45.5 0.0 None
Torosa_1 4414.03 Quartzarenite moderate m-vf Yes 32.2 8 34 5.3 0.0 None
Torosa_1 4418.83 Calcareous Sublitharenite moderate m-vf Yes 30.6 30.6 34 10.0 0.0 None
Averages 19.0 10.2 35.1 45.65 Average
COMPACTION OF SANDSTONES
Well Depth (m)
Sample 
Location
Classification Sorting
Grain 
Size
Silisi-
clastic
IGV % CEM% OP % COPL % Allochem %
Allochem 
Ranking
Torosa_4 4278.74 Allochemic Sublitharenite moderate c-f Yes 23.6 18.9 34 30.6 26.7 Very High
Torosa_4 4252.69 Calcareous Sublitharenite poor vc-f Yes 46.5 42.5 30.7 0.0 24.7 Very High
Torosa_4 4268.32 Allochemic Sublitharenite moderate vc-vf Yes 11 10.3 34 67.6 18.7 High
Torosa_4 4247.56 Calcareous Lithicwacke mod-well c-f Yes 31.2 29.6 36.5 14.5 16.0 High
Torosa_4 4252.81 Allochemic Sublitharenite poor vc-f Yes 26.9 20.9 30.7 12.4 16.0 High
Torosa_4 4285.73 Calcareous Sublitharenite poor vc-f Yes 47.5 42.5 30.7 0.0 15.7 High
Torosa_4 4279.86 Calcareous Sublitharenite poor vc-vf Yes 34.2 31.9 30.7 0.0 13.7 High
Torosa_4 4259.45 Calcareous Sublitharenite moderate vc-f Yes 45.8 45.2 34 0.0 9.7 Moderate
Torosa_4 4251.45 Sublitharenite poor-moderate c-f Yes 36.5 10.3 32.4 0.0 3.7 Low
Torosa_4 4263.19 Calcareous Sublitharenite moderate c-vf Yes 40.2 39.9 34 0.0 2.7 Low
Torosa_4 4347.79 Calcareous Sublitharenite poor-moderate c-vf Yes 29.6 26.2 32.4 8.6 1.7 Very Low
Torosa_4 4286.63 Calcareous Sublitharenite moderate m-vf Yes 31.2 12.3 34 8.2 0.0 None
Torosa_4 4286.85 Quartzarenite moderate c-f Yes 9.6 2.3 34 71.8 0.0 None
Torosa_4 4289.03 Quartzarenite poor vc-vf Yes 16.6 5.6 30.7 45.9 0.0 None
Torosa_4 4289.90 Quartzarenite poor pebble-fYes 19.3 2.7 30.7 37.1 0.0 None
Torosa_4 4295.43 Quartzarenite moderate vc-f Yes 26.6 8.3 34 21.8 0.0 None
Torosa_4 4307.55 Quartzarenite mod-well m-f Yes 33.9 8.3 36.5 7.1 0.0 None
Torosa_4 4333.12 Calcareous Sublitharenite well m-vf Yes 32.6 24.9 39 16.4 0.0 None
Torosa_4 4333.77 Subarkose mod-well m-vf Yes 28.2 14.6 36.5 22.7 0.0 None
Torosa_4 4333.95 Cemented Calcareous Sublitharenite well m Yes 48.5 35.9 39 0.0 0.0 None
Torosa_4 4333.95 Porous Quartzarenite well m-f Yes 48.5 10 39 0.0 0.0 None
Average 31.8 21.1 34 17.38 Average
Allochem Ranking Criteria
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Figure 1: Torosa 1 (A) and Torosa 4 (B) Porosity destroyed by Cementation and Mechanical Compaction (after Houseknecht, 1987). 
 
 
Appendix D: Siliciclastics Compaction & Cementation 236 
 
Figure 2: Torosa 1 (C) and Torosa 4 (D) Compactional Porosity Loss vs. Cementational Porosity Loss. Lines of equal porosity and equal cement volume percents are not parallel 
due to the reduction of rock bulk volume by compaction (after Lundegard, 1992). 
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Appendix E 
Attribute Percentages from Point Counting; Sandstones and 
Limestones – Torosa 1 and Torosa 4 
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T1 4343.17m U Allochemic Quartzarenite 41.7 17.3 1.0 7.3 4.3 1.3 3.0 5.7 5.3 15.7 0.3
T1 4351.67m Allochemic Quartzarenite 47.0 3.0 4.0 17.0 31.3 1.7 0.3 1.0 0.3 0.7 1.0
T1 4361.36m Allochemic Quartzarenite 67.0 1.7 0.7 0.3 5.0 15.3 0.3 9.7 0.3 9.3
T1 4365.25m Allochemic Quartzarenite 54.7 1.3 1.0 2.3 6.3 9.3 0.3 2.7 1.0 1.7 8.3 0.3 1.7
T1 4366.95m Allochemic Quartzarenite 34.0 1.0 0.3 0.3 1.7 27.3 27.0 0.7 0.3 1.7 1.0 0.7 1.3 2.3
T1 4367.28m Allochemic Quartzarenite 35.3 0.3 0.7 0.7 4.3 31.0 2.7 1.7 0.7 5.7 1.0 4.7 1.3 2.0
T1 4370.85m Allochemic Quartzarenite 53.7 1.0 5.7 0.3 3.7 0.7 1.3 7.3 2.7 4.7 3.0 21.7
T1 4347.02m Allochemic Quartzwacke 23.7 0.7 1.3 0.3 7.7 12.7 3.0 25.7 1.7 1.3 0.3 4.3
T1 4352.16m L Allochemic Quartzwacke 67.7 2.0 0.7 5.7 6.3 7.7 5.0 4.7 0.7 3.3 2.0 0.3
T1 4373.7m Calcareous Quartzarenite 57.5 0.3 6.0 1.7 0.3 2.3 2.7 17.7 7.6 1.3
T1 4374.93m Calcareous Quartzarenite 48.3 0.7 1.0 0.7 44.0 3.3 3.0 0.3 0.3
T1 4378.65m Calcareous Quartzarenite 76.7 1.7 0.7 1.7 2.0 2.7 0.3 7.0 1.7 5.3
T1 4383.47m Calcareous Quartzarenite 70.0 0.7 0.7 1.7 3.7 0.3 3.3 0.7 7.0 3.7 3.3 2.0
T1 4386.03m Calcareous Quartzarenite 57.7 0.3 2.3 0.3 4.7 5.3 14.7 0.3 1.7 4.3 2.0 2.3 9.3 2.7
T1 4388.42m Calcareous Quartzarenite 65.7 0.7 3.3 0.3 1.0 1.3 1.0 0.7 1.0 5.0 4.0 1.0 13.7 7.0
T1 4388.8m Calcareous Quartzarenite 56.3 0.3 1.3 0.3 3.7 3.7 17.3 9.7 3.0 1.7 1.7 1.3
T1 4389.04m Calcareous Quartzarenite 52.0 1.0 2.7 0.3 2.0 1.3 1.7 8.7 2.0 4.3 2.0 2.3 13.0 2.3
T1 4407.67m Calcareous Quartzarenite 53.7 0.7 2.7 0.3 13.7 0.7 1.7 5.0 0.7 4.3 4.3 12.3
T1 4418.83m Calcareous Quartzarenite 48.3 2.3 28.3 2.3 0.3
T1 4425.52m Calcareous Quartzarenite 33.7 1.7 6.3 17.7 22.3 2.3 9.0 0.3 8.7 2.0 0.7
T1 4352.61m U Micritic Quartzarenite 67.7 9.3 0.3 0.3 1.3 12.7 0.3 2.0 1.3
T1 4354.75m Micritic Quartzarenite 36.7 1.7 0.3 19.7 0.3 33.3 1.0 1.0 1.0
T1 4322.42m Micritic Quartzwacke 55.3 4.7 32.7 2.7
T1 4326.6m Micritic Quartzwacke 47.7 0.7 8.0 24.3 29.7 1.0 0.7 0.7 5.0
T1 4327.98m Micritic Quartzwacke 52.3 0.3 0.3 3.3 17.0 18.7 2.0 2.0 2.0
T1 4360.21m Micritic Quartzwacke 66.7 1.0 0.7 1.0 2.3 2.0 19.0 3.7 1.3 1.3 1.3
T1 4302.41m Quartzarenite 72.0 0.7 2.7 0.3 1.0 0.3 13.3 1.7
T1 4303.98m Quartzarenite 63.3 1.3 9.0 1.7 2.3 2.3 18.3 1.3
T1 4306.37m Quartzarenite 60.1 16.9 0.3 1.7 3.3 3.3 2.0
T1 4322.6m Quartzarenite 66.0 2.3 0.3 12.3 0.7 4.0 4.0 8.7 5.0
T1 4326.03m Quartzarenite 71.7 0.3 0.3 12.3 4.7 0.7 3.7 1.7 4.7 5.7
T1 4345.9m Quartzarenite 61.3 2.0 3.0 1.0 4.7 0.3 0.7 9.0 0.3 5.0 1.7 3.0 7.0 2.0
T1 4362.03m Quartzarenite 59.0 1.0 1.0 3.3 0.3 2.3 1.3 3.0 0.3 2.7 26.0 0.7
238 
 
 
 
SILISICLASTICS (cont...)
Well Depth
Classification (Folk  (1962), & 
Mount, J. (1985))  Q
ua
rt
z 
(m
on
oc
ry
st
al
lin
e)
 Q
ua
rt
z 
(p
ol
yc
ry
st
al
lin
e)
 Q
ua
rt
z 
ov
er
gr
ow
th
 c
em
en
t
 C
he
rt
 K
-f
el
ds
pa
r
 P
la
gi
oc
la
se
 R
oc
k 
fr
ag
. u
nd
iff
.
 M
ic
a
 H
ea
vy
 m
in
er
al
s
 O
rg
an
ic
 fr
ag
m
en
ts
 O
rg
an
ic
s
 C
al
ca
re
ou
s 
fo
ss
ils
 S
id
er
ite
 C
al
ci
te
 O
ol
ith
 C
ar
bo
na
te
 u
nd
iff
.
 O
pa
qu
es
 P
yr
ite
 (
po
re
 fi
lli
ng
)
 P
yr
ite
 (
re
pl
ac
em
en
t)
 A
ut
hi
ge
ni
c 
cl
ay
 A
ut
hi
ge
ni
c 
ka
ol
in
ite
 D
et
rit
al
 c
la
y
 V
is
ib
le
 p
rim
ar
y 
po
ro
si
ty
 V
is
ib
le
 s
ec
on
da
ry
 p
or
os
ity
T1 4362.53m Quartzarenite 42.7 12.3 5.0 1.0 1.3 6.0 3.3 0.3 0.3 2.3 1.0 1.3 1.0 4.0
T1 4362.86m Quartzarenite 61.0 0.3 1.0 0.7 2.3 5.3 5.3 1.3 0.3 1.0 1.3 8.7 8.7 0.7
T1 4363.93m Quartzarenite 83.7 1.0 0.7 1.3 0.3 1.0 0.7 0.3 7.7 2.7 5.0 1.7
T1 4371.7m Quartzarenite 60.0 1.0 0.7 0.3 2.0 2.3 1.3 14.3 2.3 12.0 0.7 0.7
T1 4375.71m Quartzarenite 68.3 0.7 8.3 0.3 0.3 3.0 0.3 4.3 2.3 2.0 13.0 0.7
T1 4383.35m Quartzarenite 57.0 0.7 7.3 0.3 0.7 2.7 6.0 0.3 11.0 8.7 2.3 12.0 0.7
T1 4387.33m Quartzarenite 68.3 0.7 2.0 0.7 1.0 3.7 15.0 7.7 7.3 3.3 0.3
T1 4389.6m Quartzarenite 64.3 1.0 0.7 11.3 0.3 0.7 0.3 7.0 6.0 1.0 7.3 5.7
T1 4392.4m Quartzarenite 65.3 0.7 1.0 2.7 1.7 1.3 0.3 18.3 1.0
T1 4399.41m Quartzarenite 65.3 0.3 2.3 0.3 9.3 0.7 0.3 3.3 1.7 1.7 3.7 6.0
T1 4414.03m Quartzarenite 59.7 8.0 0.7 2.0 0.7 3.7 1.7 2.0 22.3 2.0
T1 4349.19m Sparry Quartzarenite 37.7 2.3 0.3 1.0 14.0 24.7 6.7 4.3 1.3 3.0 9.0
T4 4247.56m Allochemic Quartzarenite 22.0 0.7 12.0 16.0 34.3 4.0 1.0 0.3 0.7 1.7
T4 4278.74m Allochemic Quartzarenite 38.0 0.3 0.3 1.3 26.7 2.3 0.7 0.7 0.3 4.3
T4 4279.86m Allochemic Quartzarenite 45.0 3.0 0.3 2.7 13.7 35.0 0.7 2.7 2.7 0.7 1.7
T4 4285.73m Allochemic Quartzarenite 26.3 0.3 0.7 4.7 15.7 45.0 2.3 0.3 4.7
T4 4251.45m Calcareous Quartzarenite 50.3 0.3 5.0 0.3 2.0 3.7 6.7 4.7 1.0 1.0 26.0 0.3
T4 4252.69m Calcareous Quartzarenite 25.3 2.0 0.3 24.7 42.3 1.7 0.7 0.7 1.0 3.0
T4 4252.81m Calcareous Quartzarenite 47.7 0.7 6.3 1.0 16.0 15.3 0.3 4.7 3.0 1.7 4.3 1.7
T4 4259.45m Calcareous Quartzarenite 35.7 0.7 3.7 9.7 44.7 3.0 1.0 2.0 0.7
T4 4263.19m Calcareous Quartzarenite 41.7 1.0 0.3 5.0 2.7 39.0 5.3 0.3 0.3 0.3 0.3
T4 4268.32m Calcareous Quartzarenite 35.3 0.3 1.0 18.7 14.3 27.7 0.7 0.7 0.7
T4 4286.63m Calcareous Quartzarenite 56.3 2.3 0.7 1.0 0.3 13.3 5.3 0.7 0.7 7.3 11.7
T4 4333.12m Calcareous Quartzarenite 60.0 0.3 8.3 0.7 5.3 16.7 0.7 7.7
T4 4333.95m C Calcareous Quartzarenite 50.7 0.3 5.7 0.3 43.0
T4 4347.79m Calcareous Quartzarenite 61.3 7.3 0.3 1.7 1.7 2.0 1.0 0.7 0.7 3.3
T4 4286.85m Quartzarenite 49.3 2.3 2.3 0.3 2.7 25.0 9.0 6.3 2.7 0.3 7.0
T4 4289.03m Quartzarenite 74.3 5.7 0.7 0.3 0.3 4.3 2.3 2.3 9.7 1.3
T4 4289.9m Quartzarenite 65.7 0.3 2.7 1.0 0.3 2.0 7.0 3.3 2.7 0.7 16.3 0.3
T4 4295.43m Quartzarenite 69.0 0.3 8.3 1.7 1.0 0.7 0.3 18.3
T4 4307.55m Quartzarenite 64.3 8.3 0.3 0.3 0.7 0.7 25.3 0.3
T4 4333.95m P Quartzarenite 53.0 1.0 1.3 8.3 0.3 0.3 26.0
T4 4333.77m Sparry Quartzarenite 66.3 7.3 0.7 2.3 7.3 0.3 1.7 1.7 9.7 4.0
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T1 4342.12m Biosparite 0.3 1.0 1.0 4.7 24.7 6.0 7.3
T1 4347.89m Biosparite 52.7 0.3 4.3 0.7 4.3 12.7 16.0 4.3 1.0 4.7 2.3 2.3 0.3 3.7
T1 4347.28m Biosparite 2.3 1.3 0.3 1.0 34.9 0.7 37.9 13.0 0.3 1.3 1.3 1.3
T1 4407.71m Oosparite 52.3 0.3 1.7 3.3 1.0 21.7 3.3 0.3 3.0 0.3 7.3
T1 4352.16m U Sandy Allochem Limestone 9.3 0.7 0.3 0.3 44.3 36.0 2.0
T1 4352.61m L Sandy Allochem Limestone 19.0 1.0 0.3 38.7 39.7 1.3
T1 4343.17m L Sandy Allochem Limestone 27.3 3.0 2.7 51.3 0.3 3.0
T1 4328.98m Sandy Biosparite 42.7 0.7 0.3 0.3 7.3 27.3 3.3 18.7 1.0 1.3 1.0 5.3
T1 4385.57m Sandy Biosparite 19.3 0.3 0.3 42.0 24.0 11.0 0.7 0.3 0.3 0.3 7.3
T1 4355.67m Sandy Biosparite 41.0 1.0 0.3 0.3 6.0 26.7 33.3 0.3 0.3 0.3
T1 4365.4m Sandy Biosparite 24.0 0.3 1.0 0.3 38.3 37.0 0.3
T1 4378.78m Sandy Biosparite 19.0 0.3 1.0 1.7 33.3 45.7 1.0
T1 4349.04m Sandy Biosparite 21.0 0.7 0.3 0.7 3.7 48.7 5.3 0.3 0.3 0.3 1.3
T4 4266.45m Oosparite 8.0 0.3 0.3 56.3 33.7 0.7
T4 4253.44m Sandy Biosparite 28.7 0.3 1.0 3.3 27.7 34.3 0.7 1.0 1.0 0.3 3.0
T4 4260.76m Sandy Biosparite 12.7 0.3 0.7 0.7 42.0 38.3 5.3
T4 4248.43m Sandy Biosparite 25.0 0.3 5.7 0.3 1.0 21.0 41.7 1.0 1.7
T4 4276.84m Sandy Biosparite 17.3 0.3 54.3 24.3 0.7 0.3 0.3 0.3 1.7
T4 4273.7m Sandy Biosparite 2.3 3.3 1.3 39.7 35.0 1.0
T4 4268.39m Sandy Biosparite 19.7 0.3 3.3 37.7 12.3 0.7
T4 4260.88m Sandy Biosparite 8.7 1.0 41.0 43.7 5.0 0.7
T4 4273.85m Sandy Biosparite 14.3 0.7 34.3 46.3 5.7
T4 4272.49m Sandy Biosparite 21.3 1.3 3.0 47.7 1.3 1.3 0.7
T4 4280.71m Sandy Oosparite 14.7 0.3 0.7 47.7 29.3 0.3 0.7 0.3 0.3 7.7
T4 4273.76m Sandy Oosparite 23.0 1.0 4.7 34.7 0.3
T4 4266.6m Sandy Oosparite 18.7 1.0 22.3 58.0
T4 4270.36m Sandy Packed Biosparite 19.0 0.7 4.3 39.0 0.3
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